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A major priority of beef cattle production is to meet animal nutrient requirements in order 
to achieve a desired level of productivity. Accurately predicting voluntary forage intake (VFI) is 
necessary to accurately predict the total nutrient intake of grazing or forage-fed beef cattle that 
are also supplemented with other sources of nutrients. Therefore, the objectives of this 
experiment were to utilize data from published literature to 1) identify factors that explain 
variation in VFI, and 2) develop and validate one or more mathematical models that predict VFI 
or total nutrient intake of grazing or forage-fed and supplemented beef cattle. A comprehensive 
literature review was conducted to retrieve experimental means (n=609) and descriptive 
information from 131 feeding trials that measured VFI and supplement intake. Simple linear 
regression identified 43 continuous and 7 categorical variables that were related (P < 0.05) to 
forage DMI. Following randomization, 70% of published observations were used to develop 
predictive models, while the remaining 30% were used for validation. Categorical explanatory 
variables used to predict forage or total dry matter (DM) intake (DMI) included forage 
classification, forage harvest method, forage stem length, cattle production stage, and 
supplement feeding frequency, while continuous explanatory variables included shrunk body 
weight (BW), supplement neutral detergent fiber (NDF) intake (NDFI), supplement 
hemicellulose (HEM) intake (HEMI), supplement crude protein (CP) intake (CPI), forage CP 
content, forage NDF content, and forage HEM content, where supplement intake information 
was expressed in kg x hd-1 x d-1 and forage nutrient content was expressed as a % of forage DM. 
Development equations explained 70% (RMSE = 1.31; P < 0.0001) and 77% (RMSE = 1.31; P < 
0.0001) of the variation in forage and total DMI, respectively. When applied to the validation 




(RMSE = 1.31; P < 0.0001) of the variation in forage and total DMI, respectively. These models 
explained a substantial portion of the variation in forage and total DMI, and therefore can be 
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Forages are the foundation of U.S. beef cattle production. Forage production utilizes 25% 
of the nation’s arable land for pastures, range, and hay meadows (Oltjen and Beckett, 1996; 
Bouton, 2007). However, forage quality or availability is often insufficient to provide the amount 
of nutrients required for maintenance and/or growth of cattle (Jung and Allen, 1995). In such 
situations, supplementation programs are often utilized to address forage deficiencies.  
The importance of supplementation is magnified during times of increased environmental 
stress and/or physiological demand. Under-supplementation could result in not meeting nutrient 
requirements, causing issues such as lower fertility rates, reduced growth, and fetal programming 
issues in un-born calves. The inability of gestating cows to meet nutrient requirements causes 
reductions in performance compared to calves from dams on adequate planes of nutrition 
(Funston et al., 2010). Additionally, overfeeding adds unnecessary expenses, which can cause 
over conditioning, and ultimately decrease profitability (van der Kolk et al., 2017). 
Supplementation amount and nutrient composition potentially have varying effects on 
voluntary forage intake (VFI). Evidence suggests that certain commodities have the ability to 
increase or decrease VFI levels (Fleck et al., 1988; Chase Jr and Hibberd, 1989). Also, quality of 
forage influences VFI (NASEM, 2016). Meeting nutrient and energy requirements of beef cattle 
is imperative to ensure adequate fertility rates and to attain production goals, while growing 
cattle need to not only meet maintenance requirements, but also achieve growth expectations.  
Overview 
Forage quality is most often expressed by its nutritive value. High quality forages are 




(Moore et al., 1991). Lush, high quality forages are generally consumed in greater quantities than 
lower quality forages (Galloway et al., 1993). Low quality forages often have higher levels of 
neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) 
which are often associated with later stages of maturity (Salisbury and Ross, 1995). Fiber levels 
are directly related to the cell wall thickness (Wilson, 1993).  
Greater levels of intake of high quality forages often allow cattle to meet or exceed 
nutrient requirements, which is regularly desired by producers from a cost and labor perspective 
(McCollum and Galyean, 1985). However, depending on the forage’s persistence in pastures as 
well as maturity status, even lush forages could possibly need further supplementation (Koster et 
al., 1996). When supplementation programs are implemented, VFI is expected to increase or 
decrease, depending on the nutritive quality and amount fed (Winterholler et al., 2012). When 
VFI changes, the animal’s overall nutrient intake, and thus the animal’s total diet also changes. 
In such situations, cattle may be over-supplemented or under-supplemented if the respective 
changes in VFI have not been accounted for. Nonetheless, models that accurately predict VFI of 
supplemented cattle are currently lacking.    
 Undoubtedly, there are additional benefits of supplementing proper amounts of protein 
and energy while also accurately predicting VFI. These benefits include but are not limited to 
things such as procuring the proper amount of harvested roughage, or knowing how much 
harvested roughage to reserve in order to meet herd needs if roughages are self-produced, and 
determining the appropriate level of supplementation. Similarly, accurate VFI predictions would 
provide producers with the ability to strategically utilize supplementation to influence grazing 




potential to result in substantial economic benefits for producers. The proceeding literature 
review will discuss physical, chemical, and physiological factors and their impacts on VFI. 
Forage-based systems 
During ideal conditions and certain seasons, cattle generally have access to enough high 
quality forage to meet maintenance requirements for protein and energy, while also achieving 
moderate levels of growth or accretion of body condition. However, during times when forage is 
overly-mature or drought decreases forage availability, supplementation is required (Baumann et 
al., 2004). Grass forages generally obtain their highest quality during production stages that 
coincide with periods of the year that receive the greatest precipitation (Van Soest, 1982). For 
this reason, producers often plan and manage production cycles in ways that allow the highest 
nutrient requirements of cattle to overlap with the availability of high quality forages (Thomas et 
al., 2017).  
If forages meet the nutrient requirements of cattle, there is generally no need to 
supplement. However, low quality forages frequently lack adequate protein, energy, and mineral 
content to support or sustain a high level of productivity. During extended drought conditions, 
forages become dormant, while also possessing relatively high levels of fiber and lower 
digestibility (Hannah et al., 1991). Cattle consume lower quantities of crude protein (CP) 
deficient forages due to depressed digestibility and passage rates, and VFI generally increases 
when protein is supplemented (McCollum and Galyean, 1985; Fleck et al., 1988). Reduced VFI 
can prevent cattle from consuming enough nutrients to reach their requirements for maintenance 
and/or growth. It is during these times that producers are faced with deciding to either spend 





Identifying more cost-effective alternatives to feeding procured commodities to make up 
for forage deficiencies has been a popular area of research, and is of particular interest to beef 
cattle producers. The primary focus of these studies has been to reduce production costs and 
overgrazing of forage via extending grazing seasons and reducing the need for supplementation 
(Riesterer et al., 2000).  
One such practice that has been adopted by producers that requires little initial cost (Kim 
et al., 2008) is commonly referred to as sectional or rotational grazing. Rotational grazing 
utilizes internal fencing to control access of cattle to a permitted grazing area, based on 
geographical and environmental factors (Hart et al., 1993). Once an area has been grazed enough 
to promote regrowth but not over-grazed, cattle are allotted access to fresh forage while the 
previously grazed area goes through a rest period (Riesterer et al., 2000). Rotational grazing 
increases fresh growth of forage before it becomes too mature and optimizes yield when 
compared to continuous grazing (Henning et al., 2000). This is a result of time-regulated 
rotation, which allows cattle access to consume high quality, available forage (Hart et al., 1993). 
Added benefits of rotational grazing include lower fiber levels and higher protein levels relative 
to continuous grazing scenarios. A more uniform grazing of the available forage allows for more 
persistent forage stands, as well as a higher mineral content in available forage, and improves 
gains as opposed to cattle in continuous grazing programs (Walton et al., 1981).  
Another grazing strategy that is commonly utilized to reduce supplementation 
requirements is stockpiling perennial forages to accumulate biomass through summer and fall. 
The purpose of this practice is to utilize accrued herbage mass for winter grazing (Hitz et al., 




2000). Utilizing the aforementioned strategies, producers and nutritionists can build programs in 
order to prolong or increase forage availability, as well as extend the grazing season (Poore and 
Drewnoski, 2010). 
Factors such as geographic region and weather also play a role in prolonging pasture 
grazing. The Southeastern region of the U.S. has warmer climates, a prolonged growing 
seasoning, and greater precipitation relative to other regions of the country. This allows for 
greater forage persistence (Hoveland, 1986). When combined with the added geographical 
factors of smaller pastures, these factors allow for the previously-mentioned grazing strategies to 
be implemented far easier than other places, such as the inter-mountain West. The annual 
precipitation of aforementioned regions is not only far lower, but topography of the land is 
generally hillier and rockier, making the aforementioned strategies more difficult to execute 
(Hepworth et al., 1991).    
Forage type and composition 
In addition to the previously mentioned strategies there are other, natural occurring 
factors that influence VFI. Seasonal variation and herbage mass both influence nutrient 
composition of forages (NASEM, 2016). Consequently, time of year causes variation in forage 
moisture and nutrient content (Hitz et al., 1997). This implies some hay meadows/pastures could 
be lush and have high nutritive values during certain seasons, but during other times these same 
forages become dryer and more mature. These changes are often observed in both quantity and 
quality (Thomas et al., 2017). Forage nutritive quality can be described as the chemical 
composition and digestibility of forage, while forage quality can be determined by nutritive value 
and average animal intake (NASEM, 2016). Low quality forages are generally high in fiber, 




Stage of forage maturity at harvest or grazing has greater influence on forage quality than 
any other factor (Van Soest, 1982). It is often assumed that forage yield is related to forage 
quality, however high forage yields do not correlate to high quality forages (Van Soest, 1982). 
Often times when forage yield is at its highest during later stages of maturity is when nutritive 
value is at its lowest. This is due to increasing levels of lignin, a non-soluble fiber, as forage 
matures (Jung and Vogel, 1986).  
Maturity at harvest and stem length both affect forage intake. During certain seasons 
when pastures contain adequate moisture and optimum forage quality, intake levels will increase 
relative to dryer times of the year (Koster et al., 1996). Even though more mature dormant 
forages generally have greater quantity, they often lack in quality compared to lusher forages 
(Hitz et al., 1997). Mastication of mature, long-stem forages is not as effective at breaking down 
cell walls as is decreasing particle size via processing forage (Judkins et al., 1991). The 
breakdown of cell walls is vital to access and digest non-structural carbohydrates located in the 
cell wall. Without the breakdown of the cell wall the contents located inside the cell will not be 
digested. 
Cool and warm season forages 
Warm and cool season forages have considerable differences in their chemical and 
physical properties. These differences inherently influence VFI and digestion (Galloway Sr et al., 
1991). The main dissimilarity between cool and warm season plants is the anatomy of their 
photosynthetic systems. Cool season forages only utilize the Calvin Cycle, which is driven by 
production of rubisco in the stroma of chloroplasts (Salisbury and Ross, 1995). Since this 
pathway occurs throughout the mesophyll cells of leaves, high levels of water are lost via 




Warm season forages differ by having Kranz anatomy in their bundle sheath cells. The 
mesophyll cells of warm season forages also differ from cool season forages by utilizing a four-
carbon compound pathway with an extra step and additional enzyme (Salisbury and Ross, 1995). 
This step is the initial fixing of the carbon enzyme, phosphoenolpyruvate carboxylase (Hatch and 
Slack, 1968). While this is occurring in the mesophyll, the Calvin Cycle is occurring only in the 
bundle sheath portion of leaves, prompting the stomates to spend less time open, allowing carbon 
dioxide in (Salisbury and Ross, 1995). These efficiencies reduce transpiration due to the stomata 
not remaining open as long, making warm season forages more water efficient in hot, dry 
climates than cool season forages (Moser et al., 2004). Thus, warm season forages are better 
adapted to tropical climates, where extended warm periods promote growth (Moser et al., 2004). 
Both grasses have versatility in their respective production uses. Most fields and pastures 
contain combinations of cool and warm season forages to provide greater forage availability 
throughout the year (Henning et al., 2000). Cool season grasses also provide available nutrients 
during periods of the year when warm season forages are dormant, and warm season grasses 
provide nutrients during periods of the year when cool season forages are dormant (Hardin et al., 
1989). Despite warm season grasses being more photosynthetically efficient than cool season 
grasses, they maintain higher amounts of dry matter (DM) and often have inferior nutritive value 
(Salisbury and Ross, 1995). In order for the starches located in the plant cells to be digested, the 
fiber of the cell wall is first required to be degraded (Salisbury and Ross, 1995). Thicker cell 
walls of warm season grasses caused by increased fiber levels makes cell contents less bio-
available in the rumen as opposed to the more readily available nutrients of cool season grasses 




Cool season forages are generally more lush and palatable with lower proportions of DM 
(Jones et al., 1988). Furthermore, the origin of these contrasts begin in the cell structure of the 
plants. Cellular structure of warm season grasses are arranged more densely and compact than 
cool season grasses (Salisbury and Ross, 1995). These cellular differences cause copious levels 
of cellulose and lignin in warm season forages, making them difficult to digest (Lagasse et al., 
1990). This further provokes greater amounts of fibrolytic bacteria degradation to occur in warm 
season rather than cool season grasses (Brake et al., 1989). 
Physical differences in forage composition between warm and cool season grasses cause 
differences in the ruminal functions and microbial population. These dissimilarities include 
alterations of potential hydrogen (pH), rate of fiber degradation, and may differentiate with 
additional supplementation (Jones et al., 1988). It has been determined that feeding certain 
supplemental grains with warm season grasses increases synthesis of microbial protein due to 
low levels and slow releasing nonstructural carbohydrates (Jones et al., 1988; Hardin et al., 
1989). 
Grazing cover crops 
Some producers graze cover crops during specific seasons as an alternative or addition to 
more traditional grazing systems. Cover crops provide valuable roughage sources for both the 
stocker and cow-calf sectors of beef production in the Southern United States (Adams et al., 
1996). Grazing cattle on small grain pastures, such as oats or rye, (Avena sativa or Secale cerale, 
respectively) allows for higher protein levels (CP = 16.5-19.0 % of DM) and greater total 
digestible nutrients (TDN = >60 % of DM) relative to more traditional grass forages (Islas and 
Soto-Navarro, 2011; NASEM, 2016). Similarly to grazing dormant grass forages, cattle stocked 




often the limiting factor in grazing dormant cover crops, where cattle lack the protein needed for 
microbial population growth in order to metabolize protein from not only the forages, but also 
the microbes (Reed et al., 2007). In such situations, this would be expected to cause a reduction 
in VFI, and protein should be supplemented to make up for deficiencies. 
Brassicas such as turnips (Brassica rapa) are also a viable option for grazing cover crops 
in the late fall if forage is unable to be stockpiled (Haramoto and Gallandt, 2005). These crops 
are generally thought of for consumption by humans or in wildlife plots, but can supply high 
quality nutrients to beef cattle. This is due to a rapid establishment rate in the late summer, and 
ability to provide forage before the drier months of fall. Brassicas are high in readily fermentable 
carbohydrates, and require lower intakes to meet nutrient requirements relative to grass forages 
(Barry, 2013). However, brassicas possess the potential to accumulate nitrogen in immature 
plants, which can cause nitrate poisoning in cattle (Brakenridge, 1956). If adequate growth is 
provided, nitrate levels should decrease as the plant matures and nitrate levels decline. Brassicas 
also present other risks such as pasture bloat and anemia (Shull and Cheeke, 1983). 
Legumes 
 Legumes such as alfalfa (Medicago sativa) and clover (Trifolium) are high nitrogen 
sources for both ruminants and soil fertility alike (McKey, 1994). Straight stands of legumes can 
be grazed, but are commonly cohabitated with grass forages. This allows them to work as a 
companion species when mixed with cool and warm season grasses (Ball et al., 2009). Feeding 
legumes and grass hay jointly causes alterations of ruminal activity. Legumes are highly 
digestible due to their high levels of the soluble fiber, pectin, which is almost entirely degraded 
in the rumen (NASEM, 2016). Legume and grass-legume mixtures promote rumination 




Similarly to grass forages, legumes can be utilized for hay production. Alfalfa is highly 
revered legume hay, and regularly has more desirable nutritive quality comparatively to grass 
hay (Burns et al., 2007). Supplementing alfalfa hay along with grass hay is another common 
practice to increase VFI and degradability of low quality, energy deficient forages (Lintzenich et 
al., 1995). High roughage quantities present in alfalfa hay can help control a pH drop in high 
grain rations, and helps to increase dry matter intake (DMI) and average daily gain (ADG; Farran 
et al., 2006).  
However, legumes rich in soluble proteins, such as alfalfa and certain clovers, cause 
pasture bloat, which is a combination of free gas bloat and frothy bloat (Fay et al., 1980). In 
instances where cattle bloat from grazing legumes, a nonionic surfactant such as poloxalene can 
be administered, commonly in a block form or as a feed additive to reduce bloat (Bartley, 1965). 
If utilized, poloxalene should begin to be administered 48-72 hours prior to cattle being granted 
access to bloat-inducing legumes. Even though bloat is a concern for certain legumes, others 
such as sainfoin (Onobrychis viciifolia) and birdsfoot trefoil (Lotus corniculatus) are considered 
bloat safe due to high levels of tannins (Majak et al., 1995). 
Other forages 
 Harvested crop residues are generally nutrient deficient, but high in dry matter foliage 
mass (Fike et al., 1995). Protein digestion of wheat straw is inhibited due to high lignin levels 
(Liu et al., 2005). As previously mentioned, high lignin levels make degradable starches located 
in the cell more difficult to access. In order to add more digestible protein to wheat straw, 
producers have the option to ammoniate it. Ammoniating wheat straw improves the quality of 
wheat straw because the added ammonia can be used as a source of nitrogen by fibrolytic 




in fibrolytic bacteria speeds up digestion and increases microbial crude protein synthesis of 
fibrous wheat straw. 
Supplementation programs 
Overview 
Feed costs vary tremendously due to geographical location and management, but 
commonly make up approximately 50-70% of an operation’s annual expenses (Eversole et al., 
2005; Ramsey et al., 2005; Shike, 2013). Because of this supplementation programs often 
represent opportunities for cost savings, and at times, make up a large portion of these costs. As 
shown in multiple studies, supplementation programs can influence the intake and digestion of 
forage to varying degrees, based on the nutrient composition and amount supplemented (Fleck et 
al., 1988; Chase Jr and Hibberd, 1989; Winterholler et al., 2012). These changes in degradation 
rate can be advantageously used when implementing supplementation programs to cattle. As 
previously mentioned, when quality and intake of forage are insufficient to meet nutrient 
requirements for maintenance and/or growth, producers supplement cattle in order to provide the 
lacking nutrients (Kouakou et al., 1994; Weder et al., 1999). Generally, supplements are hand fed 
in pasture-based settings, either directly onto the ground or in a bunk.  
 Supplementation systems are generally based on an average daily intake of supplement 
set at a restricted rate. Cattle that are supplemented with limited amounts of feed have greater 
digestibility, ultimately leading to prolonged passage rates (Löest et al., 2001). Added benefits of 
feeding supplements to cattle in grazing scenarios include the potential to increase stocking rate 
and forage persistence (Islas and Soto-Navarro, 2011). This allows producers to save harvested 




Supplemented cattle are more selective of forages relative to non-supplemented cattle 
(Hess et al., 1994; Scholljegerdes and Kronberg, 2010). This generally means that supplemented 
cattle consume a greater portion of high-quality leaves and are more likely to avoid the stems of 
more mature forages. As previously mentioned, cattle generally consume greater amounts of 
high-quality forages, but when compared to low-quality forages, high-quality forages provide 
cattle with a higher nutritive value when consumed in iso-quantities.  
Utilization of high-quality forages allows producers to feed non-structural carbohydrates, 
to decrease total DMI, but still sufficiently meet nutrient requirements for growth or maintenance 
while preserving forages. For example, supplementing non-structural carbohydrates can aid in 
reducing VFI, which in turn can help to extend hay reserves into dormant seasons (Chase Jr and 
Hibberd, 1989). When only low-quality roughage is available, and nutrient intake levels are 
insufficient, protein supplementation is often assumed to speed up digestion and rate of passage, 
thus increasing VFI (Fleck et al., 1988). 
Forage intake suppressors 
Starchy grain supplementation decreases digestibility of fiber when at levels > 0.872 ; kg 
x hd-1 x d-1 on a DM basis in cows, slowing down rate of passage (Chase Jr and Hibberd, 1988). 
Some production systems attempt to lower VFI in order to prolong forage stands. Supplements 
fed in these programs are often commonly referred to as forage stretchers or extenders. Reducing 
forage intake in ruminants receiving stretching rations promotes increased forage selection of 
pasture or range (Gai et al., 2018). 
Unsaturated fatty acids found in lipid-rich supplements are energy dense but decrease 
ruminal digestion rates of protein, starch, and carbohydrates (Kouakou et al., 1994; Hussein et 




the anaerobic ruminal environment, which saturates fatty acids (Jenkins et al., 2008). These fatty 
acids can either be incompletely or entirely biohydrogenated. In the rumen, un-saturated fats are 
more toxic to cellulolytic bacterial populations than saturated fats, meaning un-saturated fats 
cause decreased fiber degradability (Johnson and McClure, 1972; Hussein et al., 1995). Lipid-
rich supplements should be included at low amounts (crude fat of <5% of DM) in diets to 
prevent inhibited fiber digestion (NASEM, 2016). 
Forage intake stimulators 
 In certain production scenarios, increasing forage intake is desired. It is a common 
practice for producers to provide specific supplements to increase rate of passage and digestion, 
thus increasing VFI. A common example of this could include stocking growing cattle on 
dormant range/pasture, and adding a supplementation program to optimize productivity. If ample 
amounts of dormant or harvested forage are stockpiled, supplements are regularly fed to increase 
VFI when the quality of grazed forages is low. Increasing low quality forage intake may help to 
provide cattle with adequate nutrients to meet requirements (Judkins et al., 1991). Supplementing 
protein to cattle grazing low quality forage increases VFI by increasing rate of passage (Koster et 
al., 1996; Bandyk et al., 2001). Rate of passage is increased due to fibrolytic and cellulolytic 
bacteria using the available amino acids or ammonia, found in protein-rich feedstuffs, as nitrogen 
sources to promote growth (Atasoglu et al., 2001), which accelerates fiber digestion (Fike et al., 
1995). Supplementing high fiber by-products promotes rapid fiber digestion when fed with poor 
quality forage, due to an increase in cellulolytic microbial populations. This allows digesta to be 




Frequency and time of supplementation 
For varying reasons, producers are often reluctant to supplement herds daily. Certain 
feeding programs reduce the number of days supplemented from daily to alternating days, three 
times a week, or once weekly. These common reductions of feeding occurrence reduce fuel 
usage, time, and labor requirements, decreasing costs of supplementation programs (Farmer et 
al., 2001; Loy et al., 2008). However, studies have found that supplementing protein once a week 
to cows grazing low-quality forages causes loss of body condition compared to those 
supplemented daily or three times a week (Huston et al., 1999). Other studies have found that un-
supplemented cattle walk further distances daily and practice more selectivity of the forages they 
graze (Adams, 1985). This selectivity allows cattle to avoid mature forages that are lower in 
nutritive quality. Selection of more nutrient-rich forages speeds up passage rate, in turn 
increasing VFI, which often allows cattle to meet nutrient requirements (Ball et al., 2009). Other 
studies have shown that even though non-supplemented cows were able to be more selective in 
the forages they graze, they were still unable to overcome deficiencies and lost greater amounts 
of body condition (Huston et al., 1999). 
Other studies utilizing growing cattle found that supplementing corn or distiller’s grains 
three times per week decreased forage intake and ADG relative to contemporary groups that 
were supplemented daily (Loy et al., 2007). Whereas, hay intake of groups of cattle fed soy hulls 
or corn gluten feed is lower when supplementation occurs on alternating days rather than daily 
(Drewnoski and Poore, 2012).  
Another factor that is associated with frequency of feeding that also affects time spent 
grazing and ultimately VFI is time of day of supplementation (Hess et al., 1994). A study 




consumed 0.3% of BW more forage than counterparts supplemented in the morning. This 
depression of VFI in the morning supplemented group was likely due to these steers being more 
selective in grazing than those supplemented in the evening (Adams, 1985). Depending on the 
goals of a producer, either scenario could be beneficial if properly implemented in accordance 
with production goals. If decreased VFI is a priority, then feeding in the morning is more 
appropriate. If increased VFI and/or to utilize dormant forages before the growing season begins 
are priorities, then supplementing in the evening would be more appropriate.  
Commodities  
When implementing supplementation programs, two of the biggest concerns of producers 
are cost and logistics of feed delivery (Loy et al., 2008). Certain geographic areas are more 
conducive for transporting and obtaining specific commodities than others. This is dependent 
upon varying production agriculture or industries that utilize and/or produce certain agricultural 
commodities and byproduct feedstuffs in respective regions. Proximity to these industries is 
correlated to commodity cost (Kocoloski et al., 2011). For example, producers in the Northern 
Plains have less access to cottonseed products, but greater access to distiller’s dried grains 
(DDG) relative to producers in the Southeast. These aforementioned factors provide their own 
benefits and challenges and should be accounted for by cattle producers implementing 
supplementation programs. 
Wheat middlings 
Wheat middlings, more commonly referred to as wheat midds (WM), are a by-product of 
wheat flour production. They are comprised of post milling screenings that are separated after 




germ portions of the seed from the cleaning of screens, WM can either be formed into a pellet or 
fed loosely. While WM generally contain greater concentrations of fiber (NDF = 38% of DM) 
and protein (CP = 18.5% of DM) than wheat grain, they contain lower levels of starch (25.5% of 
DM) and energy (TDN = 73.9% of DM) than wheat (NASEM, 2016). When supplemented to 
gestating cows grazing dormant forages, extra energy and adequate protein provide for greater 
total intake than cattle fed iso-nitrogenous levels of a corn and soybean meal (SBM) supplement 
(Dhuyvetter et al., 1999). However, it has been identified by Marston and Lusby (1995) that cow 
body weight (BW) and condition did not improve when lactating cows were fed a greater 
theoretical amount of energy via inclusion of WM when compared to SBM at iso-nitrogenous 
levels of 2.60 kg of CP per kg of BW. This is likely due to the higher protein levels in SBM 
increasing the rate of digestion through increasing levels of proteolytic microorganisms, in turn 
increasing VFI of low quality forages. Containing moderate protein levels of highly rumen 
degradable protein (RDP; 68.2% of DM), WM are a compatible supplement for increasing VFI 
of cattle consuming low-quality forages (Ovenell et al., 1991). When WM are supplemented at 
0.78% of BW on a DM basis and soybean hulls (SBH) are supplemented at 0.91% of BW on a 
DM basis, to yearling cattle fed low-quality forages, WM would be expected to increase total 
intake by 0.22% of BW on a DM basis (Garces-Yepez et al., 1997).  
Soybean byproducts 
The thin outer layer of the soybean is the hull. This portion is removed from the soybean 
during the soy oil extraction process (NASEM, 2016). Soybean hulls contain minimal levels of 
starch (1.1% of DM) and lignin (2.47% of DM), a high level of fiber (NDF = 65% of DM), and a 
moderate level of protein (CP = 12.4% of DM; NASEM, 2016). Soybean hulls can be added to 




supplemented at < 0.5% of BW on a DM basis, but have been reported to decrease VFI when 
supplemented at 0.66% of BW on a DM basis (Martin and Hibberd, 1990; Galloway et al., 
1993). 
Supplementing SBH at a rate of 0.50 kg x hd-1 x d-1 on an as fed basis in a high roughage 
diet, comprised of 87.5% corn stalks, led to lower gains than corn supplemented at the same 
amount (Anderson et al., 1988; Martin and Hibberd, 1990). However, in another study SBH-
based diets were more efficient in their gain:feed ratio than group whose diet consisted of 65% of 
low-quality forage (Löest et al., 2001). Collectively, this serves as an indication that SBH-based 
supplementation programs are less effective than corn when supplemented at low rates, but more 
effective than high-roughage diets, that are low in energy and digestibility, at stimulating growth 
of cattle. These factors make them a viable option for producers intending to add lean growth 
without over conditioning to extent of cattle becoming too fleshy. 
Soybean meal consists of the ground portion of the soybean that remains following the 
extraction of soy oil, with the addition of either some or no previously removed hulls. High 
levels of protein (CP = 45-53% of DM) make SBM a valuable feedstuff (NASEM, 2016). 
Supplementing ruminally-available nitrogen via SBM increases VFI of cattle grazing mature 
forages (Stokes et al., 1988b; Mathis et al., 2000). Natural proteins found in SBM promote 
greater VFI of wheat straw when dietary nitrogen comes from SBM rather than non-protein 
nitrogen (NPN) from ammoniation (Church and Santos, 1981). This is likely caused by the lack 
of energy present in the wheat straw, required to breakdown ammonia into microbial crude 
protein. Mature cows supplemented with 0.68 DM kg x hd-1 x d-1 of SBM had greater VFI when 
compared to cows supplemented with 1.57 DM kg x hd-1 x d-1 of CGF or cows that were not 




an increasing effect on VFI as well as greater total DMI when compared to contemporary groups 
fed iso-nitrogenous levels of a liquid supplement up to 4 kg of CP x kg-1 of BW0.75 in growing 
cattle. If supplementing SBM toxicity has been observed when supplemented at amounts greater 
than > 2% of BW in DM (Raboisson et al., 2013). This is a specific example for SBM, however 
feeding most commodity by-products at high levels come along with the risk of causing negative 
health effects. When supplemented above the aforementioned level, ruminal pH drops and 
ammonia levels increase, causing greater levels of ammonia to diffuse across the rumen. 
Corn milling byproducts 
The major by-product of wet corn milling, which is comprised of residual corn post 
removal of the starch and germ, is referred to as corn gluten feed (Fleck et al., 1988). Corn gluten 
feed can be fed wet, or dried, and has potential to be formed into a pellet. This byproduct 
feedstuff contains high levels of degradable fiber and low levels of starch (NASEM, 2016). The 
low starch levels allow for rapid fiber digestion, due to lack of competition between amylolytic 
and cellulolytic bacteria to degrade fiber (Farran et al., 2006). Corn gluten feed provides high 
levels of degradable fiber and protein (NDF = 35% of DM and CP = 21% of DM), and as a result 
possesses the ability to enable rumen microbes to break down and digest available protein at 
more rapid rates in grazing scenarios (NASEM, 2016). In vitro cell wall digestibility of CGF has 
been determined to be > 80% (Abe and Horii, 1978). It has been determined that cows grazing 
native dormant range forage consumed more hay than non-supplemented cows when 
supplemented with 1.60 kg x hd-1 x d-1 of CGF pellets on a DM basis (Fleck et al., 1988). 
However, VFI of cows supplemented with CGF was inferior to contemporary groups fed iso-
nitrogenous amounts of SBM at a rate of 0.68 kg x hd-1 x d-1 on a DM basis (Fleck et al., 1988). 




 One of the major byproducts of dry milling corn or other cereal grains to produce ethanol 
is DDG. Often, a portion of the solubles will be added back to the grain to make distiller’s dried 
grains with solubles (DDGS; NASEM, 2016). Distiller’s grains plus solubles are the most 
common feed byproduct currently used in US beef production (NASEM, 2016), and are often 
available in wet, modified, or dried forms. The remaining nutrient concentration is increased in 
DDG relative to the original grain (CP = 31% of DM, crude fat = 10.73% of DM, and ash = 
5.3% DM; NASEM, 2016). When compared to corn, DDGs are approximately three-fold higher 
in crude fat and CP, and contain six times the level sulfur (0.66% of DM; Islas et al., 2014; 
NASEM, 2016).  
Distiller’s grains can either be fed as a loose feedstuff, or made into pellets of varying 
sizes. Also, distiller’s grains are highly palatable and promote increased VFI due to their highly 
digestible fiber, high protein, and low starch content (Stock et al., 1990; Winterholler et al., 
2012). Because of this, DDGS have become a highly desirable feedstuff, and are often used to 
enhance low quality forages, roughages, and dry lot diets. Late gestating cows fed 0.3% of BW 
on a DM basis of DDG as a supplement consumed more low-quality forage than un-
supplemented cows, but give birth to lighter calves (Kennedy et al., 2016). When compared to 
supplementation of iso-nitrogenous levels of SBM to cows at a rate of 0.47 kg x hd-1 x d-1 on a 
DM basis, cows supplemented with DDG voluntarily consumed greater levels of forage 
(Winterholler et al., 2012). However, Luepp (2009) determined that VFI of cattle supplemented 
with DDGS increased when supplemented up to 0.9% of BW on a DM basis before showing a 





Cottonseed hulls and cottonseed meal are the by-products produced during the cottonseed 
oil extraction process. Cottonseed hulls are the outer layer of the seed that are removed prior to 
oil extraction (Hall and Kononoff, 2011). Hulls contain high levels of fiber (NDF = 81.07 % of 
DM) that is primarily composed of cellulose (45.8 % of DM), low levels of protein (CP = 6.7 % 
of DM) and are low in digestibility (TDN = 42.0 % of DM; NASEM, 2016). The high 
palatability of cottonseed hulls, and high bulk density aids in the influence of increased intake in 
high concentrate diets of growing cattle (Hall and Kononoff, 2011). A study conducted by 
Kononoff and Heinrichs (2003) found that when cottonseed hulls replaced roughage levels of 8% 
DM in a total mixed ration that voluntary intake increased. These aforementioned factors make 
hulls a valuable resource to producers utilizing forage stretching rations, or as a partial 
replacement of forages in grazing settings.   
Cottonseed meal is the portion of the seed that remains after the hull has been removed, 
the seed has been crushed, and the oil has been extracted (NASEM, 2016). As a result of high 
protein levels (CP = 45.0 % of DM) cottonseed meal is regularly supplemented to cattle grazing 
nutrient-deficient forages. Due to its ability to increase digestibility of those forages, cottonseed 
meal increases particle passage rate, resulting in increased VFI (McCollum and Galyean, 1985). 
Cottonseed meal is commonly fed in the southeast due to its widespread availability.  
Cereal grains 
Conveniences of little to no processing and widespread availability of starchy cereal 
grains such as corn, sorghum, oats, wheat, and barley create an appealing feedstuff for producers 
to utilize. However, since sorghum, wheat, and barley are utilized predominately for human 




due to price competition. Differences in physical composition of the grains cause different rates 
and extents of fermentation in the rumen. Certain grains including corn are known for slow 
release fermentation, whereas others such as wheat or barley are more rapidly fermented 
(McAllister et al., 1994). Since these feedstuffs do not ferment or digest at the same rates, they 
are expected to have different effects on VFI.  
  Approximately 47% of all corn production in the U.S. is utilized for livestock feeds 
(NASS, 2020). Although, due to a constantly shifting supply and demand, the amount of corn 
produced that is used for livestock feedstuffs varies from year to year. Fluctuations in numbers of 
livestock on feed, bushels of corn produced, and other environmental and economic factors drive 
the price up and down prompting shifts in levels of corn utilized for livestock feeds. While a 
crucial component of feedlot finishing rations, starchy cereal grains can have depressive effects 
on VFI when utilized in grazing or forage-based scenarios. Supplementing corn at 0.8 kg x hd-1 x 
d-1 on a DM basis to mature cattle consuming medium quality forage decreases in vivo 
digestibility of cellulose, but levels lower than this do not decrease VFI (Carey et al., 1993). In 
other experiments, supplementing heifers at 0.35% of BW on an a DM did not affect VFI. 
However, when supplemented at > 0.4% of BW and grazing medium and high quality forage, 
VFI was reduced due to a decline in fiber digestion (Hall et al., 1990; Brokaw et al., 2001). 
Level of grain supplementation influences forage OM digestion. The rumen microbial 
population shifts from higher levels of cellulolytic bacteria that degrade fiber from the forage, to 
higher populations of the starch degrading amylolytic bacteria, promoting a decreasing effect on 
extent of digestion and passage rate (Chase Jr and Hibberd, 1989). One of the major associative 




Supplementing cattle grazing crop residue with a source of readily available starch has the 
potential to allow for increases in stocking rates by up to 33% (Islas and Soto-Navarro 2010).  
Processing of starchy cereal grains alters the site and extent of starch digestion within the 
gastro-intestinal tract of ruminants (Owens et al., 1986). Processing methods can be either wet or 
dry. The most common dry processing methods include grinding grain in a hammer mill or roller 
mill. These processes use mechanical stress to compress the grain and break the kernel, which 
reduces particle size and increases the surface area of particles (NASEM, 2016). Due to this 
increased surface area, interaction of starch with amylolytic bacteria is heightened (Owens et al., 
1986; McAllister et al., 1994). 
Liquid supplements 
Liquid supplements are commonly comprised of mainly sugarcane molasses, sugar beet 
molasses, or condensed corn distiller’s solubles, along with potentially added levels of protein 
and/or NPN and various mineral and vitamin ingredients. Digestibility and VFI increase when 
cattle are fed liquid supplements while grazing low quality, dormant forages (Bowman et al., 
1999). Liquid supplementation programs can be implemented to grazing cattle. However, just as 
in commodity-based rations utilizing NPN on cattle grazing low-quality forages, inferior 
performance in cattle fed NPN is to be expected when compared to cattle supplemented with a 
commodity-based feedstuff or liquid supplement with natural protein (Church and Santos, 1981). 
This is caused by the rumen converting urea into ammonia which can be incorporated in their 
body in the form of amino acids. These increased ammonia levels, present in the rumen, promote 
more rapid ammonia absorption. The residual ammonia, that is not synthesized, is absorbed by 
the GI tract and recycled into the blood stream, which can result in downstream effects and 




sulfur levels (0.4-0.6% DM), so should be avoided if feeding large quantities of sulfur via other 
commodities, or water sources contain high sulfur levels (NASEM, 2016). 
Ionophores  
 A standard practice that has widely been adopted by conventional U.S. beef producers is 
the utilization of ionophores in the diet. Ionophores are antimicrobial drugs that are not 
medically important to humans, but shift fermentation patterns, resulting in changes in volatile 
fatty acid (VFA) production. Production of VFAs are shifted to reducing acetate production, and 
increasing propionate which lowers the acetate:propionate ratio. These changes in 
acetate:proprionate yield lower methane production levels as well as increase performance by 
influencing feeding efficiency and promoting weight gains (Bergen and Bates, 1984). Two 
ionophores that are frequently utilized in forage-based settings include monensin and lasalocid 
(Russell and Strobel, 1989). 
These changes result in increased feed efficiency, especially when administered to cattle 
fed high forage diets. When grazing cattle are supplemented rations containing grain and an 
ionophore, total DMI voluntary intake should be expected to decrease, but feed:gain will be 
enhanced (Bergen and Bates, 1984). Ionophores do not decrease intake or digestion when fed at 
levels of 0.5 mg/kg of BW in diets utilizing ad libitum forage and supplement fed at 0.42% of 
BW (Galloway et al., 1993). In the second trial of the preceding study it was determined that 
ionophores improved NDF and OM digestion, as well as increased dry matter VFI by 0.14 kg 
when fed at 1 mg/kg of BW and supplement was administered in iso-quantities (Galloway Sr et 
al., 1993).  
  Ionophores can be implemented into diets via feed or mineral supplementation. 




and increases body condition score (Sprott et al., 1988). When monensin is fed at a rate of 33 
mg/kg of supplement on a DM basis, intake fluctuations decrease, as opposed to cattle not fed an 
ionophore. Rather than grazing greater amounts in fewer forage meals, cattle break-up their 
grazing bouts throughout the course of the day into smaller amounts, but increase the number of 
these smaller events (Stock et al., 1990). Along the same lines, ionophore supplementation 
decreases VFI in cattle grazing low-quality forages (Galloway Sr et al., 1993).  
Feeding ionophores also allows the ability to feed greater amounts of highly fermentable 
grains while also partially preventing acidosis (Russell and Strobel, 1989; Stock et al., 1990). 
Ionophores have no effect on pregnancy rates of lactating or non-lactating cows and heifers, 
however promote earlier pubertal age in heifers (Sprott et al., 1988). Therefore, ionophores can 
be a useful investment for growing cattle or replacement heifers as it promotes feed efficiency 
and decreases VFI. 
Non-medicated feed ingredients 
 Supplements can either be delivered as a single commodity or a blend of commodities 
with or without other ingredients and feed additives. Additives serve varying purposes, and are 
often utilized in specific programs for necessary preventative measures. Some common non-
medicated additives are sodium chloride (salt), sodium bicarbonate, and calcium bicarbonate 
(limestone). Salt is often added to supplements as a natural limiter that also promotes eating 
lesser amounts when included in the supplement at relatively high levels (Kunkle et al., 2000). 
Salt is commonly used because it possesses the ability to be fed safely and is readily available 
(NASEM, 2016). However, feeding high levels of salt to cattle consuming corn silage has been 
shown to limit protein and energy absorption, but does not appear to have this effect on cattle 




season forages and are fed a commodity-blend feed or mineral supplement that is high in salt, 
VFI could decrease without any associative effects on protein or energy absorption. 
Sodium bicarbonate and calcium carbonate are commonly used to buffer the acidic 
hydrogen ions in the rumen (NASEM, 2016). Adding sodium bicarbonate to diets at an inclusion 
rate of 0.75% of dietary DM in growing cattle supplemented with high levels of fermentable 
starches decreases DMI of starchy concentrate-based diets, but has no effect on carcass weight, 
dressing percentage or marbling score (Zinn and Borques, 1993). Cattle fed high starch diets are 
at risk of developing subacute ruminal acidosis (SARA) and bloat due to incidences of low 
rumen pH (Keunen et al., 2003). Adding sodium bicarbonate or calcium carbonate allows 
amylolytic and fibrolytic bacteria to maintain proper populations needed for starch and fiber 
degradation (Loy et al., 2007). When ruminal microbial populations are adequate, rate of passage 
and digestion accelerate, promoting increased VFI (Loy et al., 2007). However, non-medicated 
feed additives that are added to diets of grazing cattle may also aid in animal health, but should 
not always be expected to influence VFI. 
Cattle production class  
Production class and type of cattle influences VFI. Variables such as breed type, and age 
of cattle can affect DMI (NASEM, 2016). For instance, Holsteins have been reported to consume 
8% more DM when compared to English or Continental Bos taurus beef cattle of similar weight. 
However, diets including high levels of fiber have equivalent DMI in both dairy and beef cattle 
(Tjardes et al., 2002). This is likely due to high roughage, independent of silage diets causing 
ruminal fill to occur more quickly than in larger framed cattle with greater visceral organ mass.  
Stage of production influences intake. During lactation, cows consume increased amounts 




et al., 1990). Lactation increases DMI of beef cows by approximately 28% relative to gestating 
cows (Marston and Lusby, 1995). Other studies have shown that VFI, when expressed as a % of 
BW, increases through the last two weeks of gestation in heifers, in which time it starts to 
decrease, but remains constant through gestation in multiparous cows (Linden et al., 2014). 
Intake of multiparous and primiparous cows is similar when expressed as a percentage of BW, 
but considering heifers are growing at initiation of conception they differ in terms of total 
amount (Johnson et al., 2003).  
Specific nutrition-related factors affecting forage intake  
Protein digestion 
In numerous studies, protein supplementation has been shown to increase total DMI and 
improve performance (Guthrie and Wagner, 1988; Carey et al., 1993; Rude et al., 2002). This is 
an expected result when protein is inadequate for microbial growth. Supplements providing 
sufficient protein to cattle grazing low quality pasture improve performance due to increased VFI 
and rate of passage through an increase in microbial populations, thus increasing rate of 
digestibility (Hannah et al., 1991). Adding protein to the diet of cattle grazing low quality forage 
speeds up the rate of passage. This increased rate of passage decreases the amount of time that 
cattle remain full and results in a net increase in VFI. 
Protein supplementation can affect VFI by increasing growth rate of ruminal 
microorganisms. Therefore scenarios utilizing low quality hay, can achieve greater nutrient 
intakes by feeding supplemental protein to meet nutrient requirements. Supplementing natural 
protein at 150% of requirements has no effect on fertility when supplemented to non-lactating 




supplementing protein has associative effects of impairing fertility (Elrod et al., 1993). The 
difference observed between the two is likely a function of protein source. The non-protein 
nitrogen degraded in the rumen used in the Elrod (1993) experiment was likely the causation of 
lowering uterine pH, whereas the natural protein in DDGS used by Gunn (2014) supplied higher 
levels of RUP, promoting lower levels of excess protein diffusing out of the rumen and into 
circulation. Ultimately, protein digestibility is influenced by supplement type, amount, and 
nutrient composition (Carey et al., 1993). 
 However, feeding iso-nitrogenous amounts of protein through greater total supplement 
intake does not increase VFI to the same extent that feeding the same amount of CP through a 
lesser total amount of supplement (Hannah et al., 1991). This is likely a function of gut fill 
occurring quicker due to an increased total amount of supplement. Adding a source of dietary 
NPN such as urea or ammonia decreases competition between fermentable carbohydrates and 
nitrogenous compounds via rumen microorganisms (Judkins et al., 1991). Urea is converted to a 
biologically usable amino acids via ammonia and carbon dioxide production (Sewell, 1993). 
Without this conversion, NPN is biologically unavailable for ruminants to convert to a usable 
protein (Satter and Slyter, 1974). If fed improperly to cattle grazing low quality forage, NPN 
compounds will be unable to be converted to a biologically usable form, preventing rumen 
microbes from hydrolyzing at rates for proper use, thus causing excess diffusion of ammonia 
across the rumen (Gribbins, 1954). This in turn causes excessive ammonia to build up in the 
rumen, resulting in excessive levels of ammonia entering and circulating through the 
bloodstream. Ammonia entering the bloodstream can increase alkalinity of blood, and cause 





Protein nitrogen is provided to ruminants by both feed and rumen microorganisms 
(Pathak, 2008). True protein exists in either a rumen degradable (RDP) or rumen un-degradable 
(RUP) form. If protein is RUP it passes through the GI tract unchanged, and is digested and 
absorbed in the small intestine (Lewis, 1957). Extent of intestinal digestibility of protein varies 
across feedstuffs. For instance the RUP level of cottonseed hulls is more than threefold that of 
barley silage (70.1% and 20.8% respectively; NASEM, 2016). Even though protein is a required 
nutrient for maintenance and growth, there are negative toxic effects of over-supplementing 
protein, which include scouring or urea toxicity. Protein requirements need to be identified and 
met depending upon the applied scenario (NASEM, 2016). 
Fiber digestion 
 Fiber is composed of the three surrounding layers of cell wall which include 
hemicellulose, lignin, and cellulose (Salisbury and Ross, 1995). Nutrients such as starch and 
carbohydrates are located within the fiber, which must be degraded prior to starch and 
carbohydrates being digested by cattle (Van Soest, 1982). This implies that cell walls must be 
digestible in order to obtain other nutrients.  
Cell wall thickness is associated with plant stage of maturity, with thickness increasing as 
maturity progresses (Van Soest, 1982). As previously mentioned, warm season grasses have 
thicker cell walls relative to cool season forages (Salisbury and Ross, 1995). Therefore, due to 
the difficulty of breaking down these cell walls prior to digesting carbohydrates, supplementing 
fermentable carbohydrates, such as corn, depresses fiber digestion to a greater extent in warm 
season than cool season forages (Galloway Sr et al., 1991). This results in increased ruminal 
degradability of cellulose and lignin in beef cattle grazing cool season forages and being 




1988). Hemicellulose is the most digestible, while cellulose is only moderately digestible. 
Lignin, however, is the least digestible and almost impossible to break down in the rumen 
(Salisbury and Ross, 1985). With NDF (which includes hemicellulose, cellulose, and lignin) and 
ADF (which includes cellulose and lignin) being the portions of fiber in the cell, degradation of 
these portions are necessary to access starches located within the cell (Van Soest, 1982). Some 
commodities such as SBH have low levels of lignin making their fiber more digestible (Löest et 
al., 2001). 
Another factor that influences fiber digestion is particle size. The thicker cell walls found 
in warm season grasses promote less particle reduction via mastication and rumination as 
opposed to cool season forages (Stokes et al., 1988a). Rumination occurs to further break down 
fiber, and access contents found inside the cell wall to allow for greater microbial digestion 
(Stokes et al., 1988a). Supplements containing highly digestible fiber and low starch levels 
typically increase VFI and rate of passage relative to cereal grains (Ovenell et al., 1991). As 
previously discussed, fiber digestibility also increases when cattle are supplemented with protein 
(Sunvold et al., 1991). 
Starch digestion 
As previously mentioned, feeding low to moderate levels of natural protein elevates 
utilization and intake of low-quality forages, but some scenarios require decreased VFI. Such 
strategies include feeding starchy grains at high levels, which decreases VFI and provides 
varying sources of energy for rumen microorganisms (Bodine et al., 2001). In starch-rich diets, 
populations of cellulolytic bacteria that generally digest fiber decrease, and populations of 
amylolytic bacteria that favor starch increase, thus decreasing rate and extent of fiber digestion 




of fiber digestion which is directly linked to decreased forage NDF disappearance (Freeman et 
al., 1992; Garces-Yepez et al., 1997). However, supplementing beef cattle with cereal grain 
supplements at levels < 0.35% of BW on an organic matter basis has been reported to have no 
effect on VFI (Brokaw et al., 2001). 
High inclusion of starchy cereal grains typically increases ADG (Roberts et al., 2009). 
However, starch degradation elicits a more acidic ruminal environment (Loy et al., 2007). 
Inclusion of starchy grains to diets should be administered with caution. High levels of starch can 
lead to digestive issues such as bloat, or SARA (NASEM, 2016). Starch grains depression of VFI 
is caused by a shift in microbial populations in favor of starch digesting microbes breaking down 
fermentable carbohydrates and decreasing populations of cellulolytic bacteria (Judkins et al., 
1991).  
Lipid digestion  
The ultimate goal of beef production is to provide “fat cattle” for harvest, and ultimately 
a quality product for consumers. Excessive energy supplemented to cattle, meaning that which is 
not used for maintenance or lean tissue growth, is stored in reserves as triglycerides (van der 
Kolk et al., 2017). This is an indication that efficient gains and proper adipose development are 
critical for all classes of cattle, but delivering fat via diet at proper levels is economically vital 
(Kouakou et al., 1994). Commonly, cattle grazing forages alone consume and digest minimal 
quantities of fat due to the inherently low lipid content of forages (Van Soest, 1982). Therefore, 
supplementation programs should be administered to make up for energy, but over feeding fat 
can have depressive effects on digestion.  
Lipid-rich supplements are included in diets to increase dietary energy density, but it is 




make up for the energy deficiency without adverse consequences. When fat is included at levels 
< 2% of dietary DM there is no depression of ruminal fiber digestion (Hardin et al., 1989). When 
fat is supplemented to cattle on concentrate diets, consuming up to 6% fat will not hinder 
digestibility of other nutrients (Bodine et al., 2001; Hess et al., 2008). Beyond these 
aforementioned levels, fiber digestion should be expected to decrease, which would be expected 
to decrease VFI. Supplementing DDGS to growing cattle at < 0.4% of BW on a DM basis does 
not decrease VFI of moderate-quality forage. However, for every 1 kg increase of DDGs beyond 
that level, a 0.55 kg depression of VFI occurs (Leupp et al., 2009). If lipid-rich supplements are 
utilized properly, producers possess the ability to lower VFI and stretch forage or increase 
stocking rates. 
Nitrogen metabolism  
A portion of all consumed protein is transformed to ammonia in the rumen. The rumen 
microorganisms use ammonia as a source of nitrogen available for microbial growth (NASEM, 
2016). This is accelerated by nutrient-rich forages and the previously mentioned supplementation 
programs and commodities (Stokes et al., 1988a). This explains elevated levels of VFI and 
digestion in protein supplemented cattle.  
The production of microbial protein in the rumen is limited by the level of readily 
available starch and fat when fed with high fiber, warm season forages (Jones et al., 1988). 
Feeding minimal amounts of fermentable starch grains and fats to growing cattle increases 
microbial nitrogen that makes it to the small intestine (Jones et al., 1988). Limit-fed diets may 
reduce the rate of protein turnover in situations where inadequate total levels of protein do not 
meet the needs of microorganisms for microbial CP synthesis. However, ruminants possess the 




relatively high levels of RUP may lead to greater efficiency of protein utilization when fed at 
lower levels due to less loss of ruminal and metabolic nitrogen via the fermentation process 
(Sawyer et al., 2012). 
Nitrogen is a direct expression of CP in feed and forage, making up approximately 16% 
of CP (NASEM, 2016). Nitrogen content can be determined for organic and total nitrogen using 
the Kjeldahl method (Kirk, 1950; Bradstreet, 1954). The difference between total nitrogen and 
total organic nitrogen is that total nitrogen includes the ammonia portion. Protein level can be 
calculated by multiplying the nitrogen level by 6.25 (NASEM, 2016). Supplementing cattle with 
ruminally-available nitrogen may increase VFI. This is caused by increasing amounts of 
absorbable amino acids, thus increasing intake of low protein forages when consumption of 
forage alone provides less protein than required for growth or maintenance (Stokes et al., 1988a). 
Nitrogen metabolism can have direct effects on VFI. If cattle lack metabolizable nitrogen in 
diets, rate of digesta degradation will decrease and in turn decrease VFI. 
Rumen pH 
Ruminal pH levels are dependent upon a ruminant animal’s ability to ferment, digest, and 
obtain proper microbial populations. If the rumen pH drops to levels of 5.7-6.2, reduced levels of 
growth rate of cellulolytic bacteria occur (Loy et al., 2007). Rapidly fermentable grains generally 
decrease ruminal pH, and increase the risk of developing digestive issues such as SARA (Stock 
et al., 1990). In occurrences where grain is supplemented at a level that decreases pH, growth of 
fibrolytic bacteria is delayed, which in turn may lower a diet’s digestible energy by decelerating 
rate of fiber digestion (Hall et al., 1990). This is caused by shifting rumen microbial population 




Complications caused by feeding high grain diets to growing and maintenance cattle is a 
result of increased incidents of digestive disorders such as SARA and frothy bloat (Xu et al., 
2013). Increasing levels of RDP causes ruminal pH to drop as a result of increased ruminal 
fermentation rates, but has no detrimental effects on cellulolytic bacteria populations (Koster et 
al., 1996). Using a buffer to regulate pH accelerates fiber digestion in diets rich in starch (Hall et 
al., 1990), which can prevent a decrease in VFI in cattle supplemented with cereal grains. 
However, in the same study it was determined that extent of fiber digestion increased when 
supplemented with corn at 0.5 % of BW on an as fed basis, but decreased when fed at 1% of BW 
on an as fed basis to Holstein steers (Hall et al., 1990). Although ruminal pH is not easily 
monitored in production settings, physical signs such as bloat are commonly an indicator of low 
ruminal pH. Low ruminal pH can cause a reduction in VFI, and if these aforementioned 
symptoms arise, buffers should be utilized to aid in restoring proper pH levels and can aid in the 
increase of VFI.  
Physical constraints limiting intake 
Another factor limiting intake is gut fill, described as the distension of digestive organs 
due to the fill of undigested and partially digested feed and forage (Van Soest, 1982). Two main 
digestive organs where distension limits intake are the reticulorumen and abomasum. Distension 
from fill of digesta in these organs is due to impeded passage rate of particles (Allen, 1996). This 
might explain why Mertens (1987) believed slow passage rate of high fiber in diets resulted in 
reduced intake from gut fill. Greater forage digestibility results in accelerated particle passage, 
reduced bulk fill, and increased VFI (Bowman et al., 1999). 
A ruminant animal’s ability to postpone the effects of bulk fill is dependent upon volume 




al., 2002). Cattle that have been limit fed have smaller visceral organs than those that have been 
fed ad libitum. Consequences of decreased intake from bulk fill occurs quicker in smaller framed 
cattle (Tjardes et al., 2002). Decreased intake caused by bulk fill has direct effects on lowering 
VFI. 
Particle passage rate  
 A biological factor that can either limit or increase VFI is particle passage rate through 
the digestive tract (Whetsell et al., 2004). Slow passage rate results in lower intake levels due to 
bulk fill, whereas accelerated passage rates promote intake (Allen, 1996). Protein 
supplementation increases particle passage rate in cattle grazing low-quality forages. As a result, 
this increase in passage rate increases VFI in response to protein supplementation (Baumann et 
al., 2004). Passage rates of nutrient-deficient forages are decelerated due to decreased numbers 
of microorganisms in the rumen necessary for digestion (Brake et al., 1989). Such forages are 
typically high in indigestible fiber, and if they can be broken down at all, breakdown of such 
fibers is often difficult and slow due to high lignin levels (Prigge et al., 1990). The rate of 
particle passage from the reticulum to the omasum is dependent on the particle size reduction 
that occurs via rumination (Prigge et al., 1990). Taking the aforementioned information into 
consideration, particle passage rate has the ability to influence VFI. Nutritionists benefit from 
utilizing the aforementioned factors when formulating diets if they would like to promote or 
impede intake levels. Therefore, accurately predicting VFI of supplemented cattle is vital. 




Efforts to predict feed intake 
 Previous research has been conducted to predict total intake of growing cattle and cows. 
Currently-accepted models to predict total intake of growing cattle and cows use body weight 
and/or net energy for maintenance (NEm) as predictors (NASEM, 2016). Currently, these models 
predict approximately 60% of the variation in total DMI. These model are only suggested for use 
within a TDN range of 50-60% of DM. This prohibits their use for scenarios with forages that 
fall outside this range, and development of models beyond this range are currently lacking. 
Similarly, these models cannot be used for forage-fed cattle that are also supplemented with 
other sources of nutrients, as VFI and therefore total dietary energy content are unknown factors.   
Another drawback of the currently accepted NASEM models is their lack of ability to 
predict intake in protein-deficient forages due to lack of knowledge of the effects of rumen 
degradable protein levels in low quality forages (NASEM, 2016). Often-times producers utilize 
low quality forages for mature cows in production stages that require less energy. This means 
that models that apply to these scenarios should also be developed. Another hindrance of the 
aforesaid models is their utilization of NEm. Since energy has the ability to be calculated in 
multiple ways, certain methods of predicting energy might cause inaccuracies when applied to 
models.  
Prior models developed by Moore et al (1999) utilized TDN and CP intake on an OM 
basis. It was noted that presentation of supplement decreased VFI when TDN exceeded 0.7% of 
BW on an OM basis or VFI prior to supplementation was > 1.75 % of BW on an OM basis. It 
was also concluded that only slight changes of VFI occurred due to CP and TDN of supplement. 
The accuracy of the aforementioned models ranged from +1 to -1 % of BW on an OM basis, and 




al., 1999).  This model however, was designed with the intention to estimate the associative 
effects on digestibility, and for this reason utilized VFI as an explanatory variable, meaning that 
these models do not possess the ability to predict VFI. 
Another model that has been developed to predict total intake of cows managed in 
forage- or roughage-based settings utilizes forage NDF content (Mertens, 1987). While this 
model has been widely used, either in its original form or with slight adjustments, it has not been 
validated in in applied feeding scenarios to verify its accuracy. Additionally, this model is only 
suggested for use on non-gestating, non-lactating (dry) cows or well as lactating cows, and has 
been suggested that this model should not be used on cows in their second or third trimester of 
pregnancy. This means that models for cows in their last two trimesters are still lacking and 
further research needs to be conducted in order to accurately predict intake.  
Summary 
Based on the preceding information, refinements to current models taking the 
aforementioned factors into account would benefit producers and nutritionists. Since forage and 
feedstuff composition have varying effects on intake and digestion, obtaining a greater 
understanding of the aforesaid metrics will provide the ability to greater predict VFI. Going 
forward, this information will allow producers and nutritionists alike to make more accurate 
decisions when implementing supplementation programs. Each supplementation scenario differs 
for numerous reasons, whether that be in forage nutrient composition, commodity availability, or 
cattle-specific information. When taking these factors into consideration, producers would be 
able to implement supplementation programs that meet the specific needs of cattle and 





Chapter 1: Development and validation of models that predict voluntary 





















A major priority of beef cattle production is to meet animal nutrient requirements in order 
to achieve a desired level of productivity. Accurately predicting voluntary forage intake (VFI) is 
necessary to accurately predict the total nutrient intake of grazing or forage-fed beef cattle that 
are also supplemented with other sources of nutrients. Therefore, the objectives of this 
experiment were to utilize data from published literature to 1) identify factors that explain 
variation in VFI, and 2) develop and validate one or more mathematical models that predict VFI 
or total nutrient intake of grazing or forage-fed and supplemented beef cattle. A comprehensive 
literature review was conducted to retrieve experimental means (n=609) and descriptive 
information from 131 feeding trials that measured VFI and supplement intake. Simple linear and 
logistic regressions identified 43 continuous and 7 categorical variables that were related (P < 
0.05) to forage DMI. Following randomization, 70% of published observations were used to 
develop predictive models, while the remaining 30% were used for validation. Categorical 
explanatory variables used to predict forage or total dry matter (DM) intake (DMI) included 
forage classification, forage harvest method, forage stem length, cattle production stage, and 
supplement feeding frequency, while continuous explanatory variables included shrunk body 
weight (BW), supplement neutral detergent fiber (NDF) intake (NDFI), supplement 
hemicellulose (HEM) intake (HEMI), supplement crude protein (CP) intake (CPI), forage CP 
content, forage NDF content, and forage HEM content, where supplement intake information 
was expressed in kg x hd-1 x d-1 and forage nutrient content was expressed as a % of forage DM. 
Prediction models initially explained 70% (RMSE = 1.31; P < 0.0001) and 77% (RMSE = 1.31; 
P < 0.0001) of the variation in forage and total DMI, respectively. When applied to the 




< 0.0001) and 72% (RMSE = 1.31; P < 0.0001) of the variation in forage and total DMI, 
respectively. These models explained a substantial portion of the variation in forage and total 

























Beef cattle production, particularly the cow calf and stocker industries, rely heavily on 
forage production. Nonetheless, producers commonly implement supplementation programs 
during times when forage quantity and quality do not sufficiently meet nutrient requirements. 
Meeting the nutrient requirements of beef cattle is imperative to meet growth performance 
targets or productivity goals.  
A number of factors influence rate and extent of nutrient digestion and passage rate, and 
thus influence voluntary forage intake (VFI). Two of the major factors include the nutritive 
quality of forages (Minson and Wilson, 1994), as well as supplementation practices (Fleck et al., 
1988; Chase Jr and Hibberd, 1989; DelCurto et al., 1990). These factors ultimately have the 
ability to influence overall nutrient intake. Certain scenarios of altered VFI could lead to nutrient 
deficiencies or excess, which both result in their own economic consequences. 
Proper supplementation levels are vital to ensure animal nutrient requirements are being 
met, but not over supplemented to the point of adding unnecessary expense or excessive body 
condition. Accurately predicting the overall nutrient intake of forage-fed cattle that are also 
supplemented with other sources of nutrients is critical to meeting nutrient requirements without 
under- or over-feeding. The NASEM (2016) identified developed equations used to predict VFI 
that can be applied to forage-based production settings as a necessary area of research. 
Therefore, the objectives of this experiment were to utilize data from the published literature to 
1) identify factors that explain variation in VFI or total dry matter (DM) intake (DMI), and 2) 
develop and validate one or more mathematical models that accurately and precisely predict VFI 




Materials and methods 
Dataset population 
An extensive literature review was conducted using Google Scholar, the Journal of 
Animal Science, and the Web of Science database. Within this, journals and publication 
resources that were accessed and retrieved for inclusion in a primary dataset included (in 
alphabetical order) Animal Feed Science and Technology, Annals of Animal Science, Archives 
of Animal Nutrition, Asian-Australasian Journal of Animal Science, Brazilian Journal of 
Veterinary and Animal Science, Canadian Journal of Animal Science, Journal of Animal 
Science, Journal of Applied Animal Research, Journal of Dairy Science, Journal of Livestock 
Science, Journal of Tropical Animal Health and Production, Nebraska Beef Report, Oklahoma 
State University Animal Science Research Report, and Translational Animal Science.  
Experimental treatment means and supporting information from peer-reviewed journal 
publications were collected and used to populate a preliminary dataset. The basic criteria for 
retrieval included that the publication reported both VFI and either supplement DMI or total 
DMI as separate observations. As for non-supplemented, control groups, supplementation values 
were expressed as “0” for all potential continuous supplementation metrics. This preliminary 
dataset also included cattle specific information, forage intake and nutrient composition 
information, forage-specific descriptive information (including processing, taxonomy, and 
harvest information), supplement intake, nutrient composition, and nutrient intake, as well as 
total nutrient intake and total dietary composition.  
 Cattle-specific information that was retrieved and included in the preliminary dataset 
included initial body weight (BW), final BW, average BW, average daily gain, age, sex, breed 




included processing characteristics/status, harvest method, forage classification and taxonomy, 
nutrient composition, and average daily DMI. Supplement-specific information that was 
retrieved included type, feeding frequency, nutrient composition, amount fed, and average daily 
DMI. 
Major factors that resulted in publications or data being excluded from the dataset included lack 
of reported or calculable forage and/or supplement intake, BW, forage and/or supplement 
nutrient composition, contained obviously incorrect or biologically unrealistic values, forage 
consumption was restricted, the diet was fed as a total mixed ration, or the experiment utilized 
practices or conditions that are not commonly practiced in U.S. beef production. 
Dataset refinement 
The preliminary dataset was refined to ensure data format and unit homogeneity. If 
average BW was not reported, initial and final trial BW were averaged and used as an average 
BW during the intake measurement period. Similarly, single, unspecified BW means or 
descriptive information were assumed to represent the average BW during the intake 
measurement period. Body weights that were not described as shrunk weights were multiplied by 
0.96 to calculate shrunk BW. Nutrient composition that was not reported was calculated if the 
necessary information existed. Calculated nutrients included neutral detergent fiber ( NDF, % of 
DM = hemicellulose + cellulose + lignin), acid detergent fiber (ADF, % of DM = cellulose + 
lignin), hemicellulose (HEM, % of DM = NDF – ADF), cellulose (cellulose, % of DM = ADF – 
lignin), acid detergent lignin (ADL, % of DM = ADF – cellulose), organic matter (OM, % of 
DM = 100 – ash), and ash (ash, % of DM = 100 – OM). Supplement nutrient composition and 
body weight were used to calculate average daily nutrient intake, expressed in kg x hd-1 x d-1, as 




Supplement DMI, forage DMI (also referred to herein as VFI), and total DMI were also 
expressed in kg x hd-1 x d-1, % of BW x d-1, and g x kg-1 of BW0.75. Energy content and intake 
was calculated for experiments that did not report energy but provided sufficient information that 
allowed for energy calculations. If TDN was provided, digestible energy (DE) could be 
calculated as DE = ((TDN/100) x 2), where TDN was expressed as a % of DM, and DE was 
expressed in Mcal per pound of DM, TDN kg-1 = ((DE/2) x 100). Obtaining a value for DE, 
whether reported or calculated, provided the ability to calculate other metrics of energy such as 
metabolizable energy (ME, Mcal x kg-1 = (0.929 x (DE x 2.20462) - (0.0056 x CP) + (0.0343 x 
EE)+(0.0042 x starch) - 0.3612), where CP, EE, and starch are all expressed as a % of DM, and 
DE is expressed in Mcal x kg-1), net energy for maintenance (NEm, Mcal x kg
-1
 = 0.0316 x ME
3 - 
0.2086 x ME2 + 1.1104 x ME - 0.353, where ME is expressed in Mcal x kg-1), and net energy for 
gain (NEG, Mcal x kg
-1= 0.0369 x ME3 - 0.2641 x ME2 + 1.1376 x ME - 0.5887).  
Categorical observations were refined into meaningful and logical groups that 
represented real-world practical application to U.S. beef production systems. Breed type 
classifications were refined and categorized as Bos taurus beef cattle, Bos indicus or Bos indicus 
X Bos taurus beef cattle, and dairy cattle. Production stage classifications were refined as best as 
possible using information provided by experiments, which was often limited. If the publication 
did not define cattle as belonging to a specific production stage, all available information was 
considered, and cattle were assigned to the most appropriate of four production stage 
classifications, which included calves, yearlings, late gestation and early lactation cows, or early 
and middle gestation cows. All cattle < 250 kg were considered calves, while all growing cattle ≥ 
250 kg were considered ye/arlings. All mature cattle consisting of cows, heifers, and steers > 30 




or lactating it was expressed and refined by the stage of respective conditions and categorized as 
either early and middle gestation or late gestation and early lactation. These respective stages 
were combined due to similarities in nutrient requirements. Mature steers were classified as early 
and middle gestation cows due to similarities in nutrient requirements and the objective of 
achieving outcomes that are useful in the field. 
Forages were classified by harvest method, forage classification, and stem length.  
Forages that were harvested as dry hay were classified as harvested, while ensiled forages were 
classified as silage/haylage, and grazed forages were classified as such. Forages were classified 
by type as either warm season annuals, warm season perennials, cool season annuals, or cool 
season perennials based upon the predominant forage species. Forages that were mechanically-
harvested were also categorized by stem length as either finely processed (average < 5 cm), 
coarsely processed (average 5-10 cm), long stem (harvested but not processed), and grazed. The 
supplementation frequency categories included not supplemented, as well as alternating days, 
once daily, and twice daily.  
Factor identification 
 Data were initially analyzed using the Fit Y by X function of JMP Pro (version 15.0.0; 
SAS Institute Inc., Cary, NC 27513) to identify factors explaining significant (P < 0.05) portions 
of the variation in forage DMI or OM intake (OMI) expressed in either kg x hd-1 x d-1, % of BW 
x d-1, or g x kg-1 of BW0.75. These initial factor screenings were conducted to identify factors that 
should potentially be included (P < 0.05) during the model development process. Factors that did 
not account for a significant (P ≥ 0.05) portion of the variation in forage DMI or OMI were 




 Individual distributions of continuous explanatory variables and frequencies of individual 
categorical explanatory variables were configured and calculated using the ‘Distribution’ 
procedure of JMP Pro. This process was used to identify particular explanatory variables to 
potentially be included in prediction model development, which aided in excluding factors that 
may have explained a significant portion of variation, but included few treatment means and 
lacked the ability to be used in a comprehensive prediction models.  
Randomization was conducted prior to assigning a specific treatment and its 
corresponding information to either the development or validation dataset in order to eliminate 
any potential experimental bias between the two datasets. This randomization was then 
replicated a total of ten times, and replications were evaluated to determine homogeneity across 
the development and validation datasets. Treatments and their corresponding information were 
then assigned to either the development or validation dataset. The randomization and 
corresponding development and validation assignments that resulted in the most homogenous 
frequencies and distributions of variables across both the development and validation datasets 
was chosen and used to split the complete dataset into development and validation datasets that 
were then used for the remainder of the project. Approximately 70% of observations were 
assigned to be used for model development, while the remaining 30% of observations were 
assigned to be used for model validation. Observations used for model development were 
excluded during the validation process, and observations utilized for model validation were 
excluded during model development.  
Model development 
Initial exploratory modelling was conducted on the refined dataset (n=205 treatments) 




mixed regression models that explained the greatest portion of variation in forage DMI or total 
DMI, expressed in units of kg x hd-1 x d-1, % of BW x d-1, or g x kg-1 of BW0.75, using shrunk 
BW, un-shrunk BW, shrunk BW0.75, or un-shrunk BW0.75. The categorical explanatory variables 
that were initially entered into the models included cattle breed type, production stage, forage 
harvest method, forage classification, forage stem length, and supplementation frequency. 
Continuous explanatory variables that were initially entered into the models included BW, forage 
CP content, forage NDF content, forage ADF content, forage HEM content, supplement DMI, 
supplement CPI, supplement NDFI, supplement ADFI, supplement HEMI, and supplement EEI. 
All forage nutrient information was expressed as a percentage of forage DM, and supplement 
intake information was expressed on a kg x hd-1 x d-1 basis. Models were reduced in a backward 
stepwise fashion until all remaining explanatory variables explained a significant (P < 0.05) 
portion of the variation in the respective response variable, and were not collinear as defined by 
having a variance inflation factor (VIF) of < 10. Actual values were regressed against predicted 
values in order to determine the goodness of fit of the model, while y-intercept statistics and 
residuals were used to assess any potential bias associated with the individual models.  
Model validation 
The prediction equations obtained upon completion of the model development phase 
were applied to the independent validation dataset in order to evaluate the ability of the equations 
to predict forage or total DMI. Residuals were calculated as the difference between actual and 
predicted intake, which were then plotted in order to quantify goodness of fit. The y-intercept 
statistics were also evaluated in combination with the average of residuals in order to evaluate 




Results and discussion 
Dataset characterization 
 Treatment means from published peer-reviewed experiments and information pertaining 
to respective treatments were used to populate the dataset as individual observations. This 
resulted in the development of a complete preliminary dataset that contained observations and 
descriptions associated with a total of 609 treatments from 131 publications. After further 
refinement, this dataset was reduced to a level that contained observations and descriptions 
associated with 205 treatments from 58 publications. Years of published experiments ranged 
from 1979 to 2019. The mean published year for the refined dataset was 1999 with a standard 
deviation (SD) of 10.55. The distribution for year of publication can be found in Figure 1.1. The 
included data was compiled from 13 different peer-reviewed journals or research reports. A more 
detailed description of the number of publications per journal or research report can be found in 
Table 1.1.  
Cattle-specific categorical data used in the final dataset included breed type and 
production stage. Forage-specific categorical data used in the final dataset included forage 
harvest method, forage classification, and forage stem length. The only supplement-specific 
categorical variable used in the final dataset was supplementation frequency. This was 
intentionally done in order to ensure that the validation data ranges corresponded with the 
development dataset ranges. Randomization and development/validation assignment was 
successful due to apparent homogeneity of the data across the two datasets. Frequencies of the 
aforementioned categorical variables and their potential descriptors for the complete dataset, as 




  The supplementation frequency category only included four potential options in the 
model development and validation dataset, excluding four that were initially in the complete 
dataset. Those not represented in the model development and validation datasets included ad 
libitum, four times daily, once weekly, and three times a day, which are rarely observed in U.S. 
production with the exception of ad libitum (n=5 in preliminary dataset) diets, which if utilized, 
are generally fed to growing cattle, finishing cattle, or include a self-limiter. Due to lack of 
sufficient available data for inclusion, models developed from this experiment should not be used 
in scenarios utilizing ad libitum supplementation programs. 
Distribution of metrics including mean, minimum, maximum, and standard deviation 
values for forage nutrients and supplement intake for the complete dataset as well as the model 
development and validation datasets can be found in Table 1.3. The range for forage nutrient 
composition metrics and their standard deviations for the complete, preliminary dataset include: 
forage NDF (42.6 to 86.4 % of DM; SD = 8.64), forage CP (1.94 to 19.1 % of DM; SD = 4.14), 
and forage HEM (8.1 to 48.1 % of DM; SD = 7.25). The supplement intake metrics listed and 
their standard deviations of the complete, refined dataset include supplement DMI (0.00 to 7.42 
kg x hd-1 x d-1; SD=1.28), supplement HEMI (0.00 to 1.39 kg x hd-1 x d-1; SD=0.24), supplement 
CPI (0.00 to 3.47 kg x hd-1 x d-1; SD=0.43), and supplement NDFI (0.00 to 4.38 kg x hd-1 x d-1; 
SD=0.60). All of the minimum supplement intake values in the development models were 0.00 
due to the inclusion of data from non-supplemented control groups, which represented cattle that 
only consumed forage.  
The aforementioned tables include data demonstrating the range and mean of metrics that 
were utilized in conducting this meta-analysis. The NASEM equations for net energy for 




nutrients (TDN) levels outside of the 50-60% range (NASEM, 2016). Within this range, TDN 
possesses the capability to predict intake between both early gestating cows and lactating cows, 
but should not be utilized to estimate intake of gestating beef cows after the first trimester 
(NASEM, 2016). This is could be caused by an increase of space in the cows abdominal cavity 
and increasing nutrient requirements for maintenance through parturition and lactation. Precisely 
like the previously mentioned NASEM cow equation, the ranges reported herein provide 
information that establishes the parameters within which models should be expected to be 
accurate.  
Model development 
  Explanatory variables that were considered to explain the greatest amount of variation 
for the response variables forage DMI and total DMI, their included number of treatment means, 
P-value, and adjusted R-squared in the complete preliminary dataset are summarized in Table 
1.4. Model development requires inclusion of all response and explanatory variables in all 
treatment means, and excludes any treatment mean lacking a single variable. Thus, the metric 
with the least inclusion in a model is a major limiting factor to comprehensive model 
development. Categorical variables and their respective P-values included cattle breed 
(<0.0001), cattle production class (0.0016), cattle production stage (<0.0001), forage harvest 
method (0.0007), forage classification (<0.0001), forage stem length (<0.0001), and supplement 
feeding frequency (<0.0001). 
The final modes that were developed utilized forage and total DMI expressed in kg x hd-1 
x d-1 as the response variables. Distribution of metrics for total intake for the complete 
preliminary dataset as well as the model development and validation datasets can be found in 




9.3600, respectively. The Y-intercept adjustments for the categorical variable experiment 
production stage for forage and total DMI, respectively included calves (-0.7897, -0.7916), 
yearlings (-0.4317, -0.4337), early and middle gestation (-0.3873, -0.3898), late gestation and 
early lactation (1.6087, 1.6150). Calves and yearlings were separated into individual categorical 
variables in NASEM equations. This is likely due to the difference of plane of growth and 
nutrient requirements varying between the two categories. Dissimilar nutrient requirements 
between the two groups are caused by hyperplasia and hypertrophy of varying tissues such as 
visceral mass, bone mass, muscle adiposity, and fat adiposity requiring separate feeding 
strategies (Shahin and Berg, 1985). Calves, denoted in this experiment as cattle <250 kg are 
developing more neural tissue, visceral organ mass, and bone mass (Shahin and Berg, 1985), 
whereas yearlings (250-500 kg) have developed the majority of their mature bone mass, and 
have begun accumulating muscle mass at more accelerated rates (Owens et al., 1993). Due to 
these differences, calves and yearlings were separated as categorical variables in this experiment. 
Along the same lines, mature cows were further separated by production stage. This is due to the 
difference in nutrient requirements, predominately protein and energy, of early and middle 
gestating cows when compared to late gestating and early lactating cows. 
The Y-intercept adjustments for forage harvest method for forage and total DMI, 
respectively were grazed (1.9311, 1.9305), harvested dry forage (-0.9703, -0.9778), and 
harvested haylage and silage (-0.9508, -0.9527). Depending on the time of year cattle might 
consume greater volumes of grazed forages than mechanically-harvested forages. This however 
is more than likely a function of the quality and availability of forage rather than the harvest 
method. However, haylage and silage generally possess greater levels of nutrient values than dry 




The Y-intercept adjustments for each respective forage classification for forage and total 
DMI, respectively were cool season annual (-0.8185, -0.8200), cool season perennial (-0.2101, -
0.2100), warm season annual (-0.1248, -0.1248), and warm season perennial forages (1.1571, 
1.1549). As a causation of differences in cellular arrangement of cool season and warm season 
forages, cool season forages are generally more lush and palatable (Jones et al., 1988). The Y-
intercept adjustments for forage stem length for forage and total DMI, respectively were grazed 
(-1.4158, -1.4168), long stem (0.5803, 0.5798), coarsely processed (0.1653, 0.1600), and finely 
processed (0.6701, 0.6770). The Y-intercept adjustments for supplement feeding frequency for 
forage and DMI, respectively were alternating days (-0.7366, -0.7385), not supplemented 
(0.4240, 0.4295), once daily (0.5401, 0.5413), and twice daily (-0.2275, -0.2322).   
One specific factor with known effects on VFI is processing and the resulting forage stem 
length. Long-stem forages are more difficult for breakdown via mastication, resulting in reduced 
rate of passage (Judkins et al., 1991). Therefore, forage processing increases VFI, due to smaller 
particle size and an increased rate of digesta passage (Galyean and Goetsch, 1993). This implies 
that models should account for forage processing and stem length to predict VFI. Just as in other 
production classes, forage quality effects VFI, however forage quality causes greater variation 
between lactating and gestating cows, with greatest VFI differences amongst the two being found 
in lower quality forages (Lalman, 2004). Previous research suggests an increased intake of 0.2 kg 
x hd-1 x d-1 of forage DMI per kilogram of milk produced for cows in early lactation in order to 
account for added nutrient requirements by maintenance and milk production (Lalman, 2004; 
NASEM, 2016). This trend can result in a 28% increase of total DMI from gestation to lactation 




Continuous explanatory variables and their coefficients for forage DMI were -2.1811, 
2.4155, 1.3967, 0.1304, -0.0665, -0.0727, and 0.0081 for supplement NDFI, supplement HEMI, 
supplement CPI, forage CP content, forage NDF content, forage HEMI content, and average 
shrunk BW, respectively. Continuous explanatory variables and their coefficients for total DMI 
were -2.2143, 2.3970, 1.3771, 0.1347, -0.0663, -0.0729, and 0.0081 for supplement NDFI, 
supplement HEMI, supplement CPI, forage CP content, forage NDF content, forage HEM 
content, and average shrunk BW, respectively. Data for the aforementioned coefficients is 
summarized in Table 1.6. Hemicellulose and NDF were used in this experiment in order to also 
account for the highly digestible fiber fraction which is the difference between the NDF and 
hemicellulose portion. Another differing factor between NASEM models and models developed 
for this experiment is the inclusion of categorical variables such as forage classification, forage 
production stage, forage stem length, and supplement feeding frequency. 
Calculated variance inflation factors (VIFs) were ≤9.50 for all continuous variables and 
≤5.85 for all categorical data in the total DMI model. These low VIFs (<10) demonstrate a lack 
of collinearity amongst explanatory variables. The model that was developed to predict forage 
DMI expressed in kg x hd-1 x d-1 explained 70% of the variation in forage DMI (P < 0.0001; 
RMSE = 1.3056), while the model that was developed to predict total DMI expressed in kg x hd-
1 x d-1 explained 77% of the variation in total DMI (P < 0.0001; RMSE = 1.3110). The 
aforementioned metrics are summarized in Table 1.7. The actual by predicted plot for the forage 
DMI and total DMI prediction models can be found in Figures 1.2 and 1.3, respectively.  
Similarly, albeit with slightly more precision, the total DMI prediction model explained 




 Equations that predict total DMI or NEm intake (NEmI) in growing and finishing cattle or 
gestating and lactating cows have previously been adopted by the NASEM (2016). However, due 
a lack of standardized equations used to calculate energy, calculated energy values could 
influence prediction model performance. Outcomes of prediction could vary depending on which 
energy calculations are used. Using methods to calculate fiber and protein are universally 
standardized procedures, promoting consistency among models utilizing those metrics.  
One drawback to the previously developed models for predicting NEm intake of beef 
cows is their lack of ability to predict intake in protein deficient forages. Models developed in 
this experiment did not dismiss low quality forages for intake prediction. In the model 
development portion, various methods of expression of BW were used to develop equations. 
Some of the different BW metrics included shrunk, un-shrunk, un-shrunk metabolic BW 
(BW0.75), and shrunk BW0.75. Shrunk BW explained 1.2% and 0.9% more variation in the forage 
DMI or total DMI, respectively when compared to un-shrunk BW.  However, converting shrunk 
BW to BW0.75 yielded no detectable advantage, therefore shrunk BW was selected as the most 
appropriate BW metric for use in model development, whereas previous models predicting NEmI 
intake of growing-finishing cattle have used BW0.75 (NASEM, 2016).  
Model validation 
As previously mentioned, distribution of metrics for forage intake for the complete 
dataset as well as the model development and validation datasets can be found in Table 1.3. The 
ranges in validation models included: forage CP (2.8-17.7), forage NDF (54-82.5), forage HEM 
(16.4-48.1) expressed as a % of DM. The forage intake metrics listed and their standard 
deviations (SD) for the development dataset include forage NDF % of DM (SD=6.46), forage CP 




development dataset, all of the minimum values of supplement nutrient intake metrics in the 
validation dataset were 0.00 due to the inclusion of data from non-supplemented cattle. The 
maximum supplement intake values for the validation dataset were 6.50, 0.76, 1.60, and 2.37 kg 
x hd-1 x d-1 for supplement DMI, HEMI, CPI, and NDFI, respectively.  
The validation dataset was comprised of the remaining 30% of treatment data (n=62 
treatments). When applied to the validation dataset, the total DMI prediction model explained 
approximately 72% of the variation in total DMI (P < 0.0001; RMSE = 1.3144), while the forage 
DMI model explained approximately 68% of the variation in forage DMI (P < 0.0001; RMSE = 
1.3182). Actual vs. predicted plots for forage and total DMI within the validation dataset can be 
found in Figures 1.4 and 1.5, respectively.  The average of residuals (0.03 and 0.03 for forage 
and total DMI, respectively) were incredibly low and suggest no slope bias. Similarly, due to the 
lack of significance (P ≥ 0.60), it was concluded that the y-intercepts for each validation did not 
differ from 0, and therefore were un-biased.  
Implications and limitations 
Models developed during this experiment and reported herein can be deployed into the 
field for usage by producers and nutritionists. Going forward, greater research emphasis should 
be placed on reporting nutrient metrics such as forage EE, RDP, RUP, and starch content in 
order to continue working towards progressing the ability to accurately predict VFI of forage-fed 
cattle that are also supplemented with other sources of nutrients. Models from this experiment 
aid in the progress of the comprehension of how cattle specific information, forage intake and 
nutrient composition, and supplement nutrient composition influence VFI variation in 
supplement-based feeding systems. Prediction of VFI will continue to remain important to the 




Models developed in this experiment will not work with perfect accuracy every time, but 
possess the ability to accurately predict forage or total DMI. For this reason, these models can be 
deployed into field-based scenarios to aid in prediction of total DMI. However, caution should be 
exercised if using these models to predict forage or total DMI using parameters outside of the 
ranges reported herein. The ability to predict forage and total DMI possesses economic benefits 
as well as the ability to plan for the future. This information can be used to not only help 
producers or nutritionists predict intake levels, but also can be used to predict intake of 
stockpiled forage, harvested forage, or commodity feeds in order to last through feeding seasons 
without procuring more than needed.   
Implications and future research 
 Nutrient intake of supplemented beef cattle is challenging to predict due to increasing or 
decreasing effects of voluntary forage intake (VFI) that are caused by a number of cattle-specific 
factors, forage nutrient composition, and supplement amount and nutrient composition. The 
ability to accurately predict VFI of beef cattle provides the beef cattle industry with the ability to 
accurately predict total nutrient intake in forage-based production systems where cattle are also 
supplemented with other sources of nutrients. Going forward, nutritionists can apply findings 
from this study directly to field-based production systems in order to aid producers in their quest 
to meet nutrient requirements in the most economical way possible.  
 Accurate prediction of VFI provides the ability to determine the appropriate level of 
supplementation necessary to meet the nutrient requirements of a group of cattle. An enhanced 
understanding of the factors that influence VFI will allow for the strategic refinement of 




but also allows producers to better estimate their harvested forage, stockpiled forage, and 
supplementation needs. 
  Future research pertaining to prediction of VFI requires more in-depth research to 
report forage and supplement nutrient composition for utilization of determining factors that 
affect VFI. Data or descriptive information that was insufficiently reported or missing from 
many reports that could potentially influence VFI include ionophore usage, implant usage, rumen 
protein degradability, comprehensive forage and supplement nutrient composition, cattle 
production stage, and cattle breed. Very little to no information is currently available for growing 
or mature bulls, as well as cattle supplemented ad libitum.  Discovery and inclusion of the 
aforementioned data will add power and predictive capability to previously developed models. If 
achieved, more applicable models will provide producers and nutritionists with a greater ability 
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Table 1.1. Number of publications per journal that were used to populate the complete 
dataset  
Journal1 Number of publications 
Animal Feed Science and Technology 9 
Annals of Animal Science 1 
Archives of Animal Nutrition 3 
Asian-Australasian Journal of Animal Science 2 
Brazilian Journal of Veterinary and Animal Science 1 
Canadian Journal of Animal Science 3 
Journal of Animal Science 95 
Journal of Applied Animal Research 1 
Journal of Dairy Science 3 
Journal of Livestock Science 6 
Journal of Tropical Animal Health and Production 1 
Nebraska Beef Report 3 
Oklahoma State University Animal Science Research Report 1 
Translational Animal Science 2 
1Publications were found by performing searches using the Journal of Animal Science, Google 
















Table 1.2. Frequencies of categorical data in the complete, development, and validation datasets 
  Complete dataset Model development dataset Model validation dataset 
Category Item (no.)1 (%)2 (no.)1 (%)2 (no.)1 (%)2 
Breed 
Bos Indicus and Bos indicus X 
Bos taurus 
85 13.97 23 16.08 11 17.74 
 Bos taurus beef 413 67.81 80 55.94 37 59.68 
 Bos taurus dairy 111 18.22 40 27.97 14 22.58 
Production 
stage3 
Calves 198 32.50 48 33.57 18 29.03 
 Early and middle gestation 110 18.07 30 20.98 15 24.19 
 
Late gestation and early 
lactation 
41 6.73 15 10.48 7 11.29 
 Yearlings 260 42.70 50 35.97 22 35.48 
Forage harvest 
method 
Grazed 55 9.02 11 7.69 6 9.68 
 Harvested dry 495 81.29 124 86.71 52 83.87 
 Harvested haylage/silage 59 9.69 8 5.94 4 6.45 
Forage 
classification 
Warm season perennial 294 48.28 74 51.75 34 54.84 
 Warm season annual 37 6.07 3 2.10 1 1.61 
 Cool season perennial 176 28.90 45 31.47 19 30.65 
 Cool season annual 102 16.75 21 14.69 8 12.90 
Forage stem 
length 
Finely processed 160 26.27 32 22.38 12 19.35 
 Coarsely processed 118 19.38 16 11.19 5 8.06 
 Long stem 266 43.68 80 55.94 39 62.90 
 Grazed 65 10.67 15 10.49 6 9.68 
Supplementation 
frequency 
Alternating days 46 7.55 6 4.20 4 6.54 
 Not supplemented 92 15.11 44 30.77 20 32.26 
 Once daily 339 55.67 53 37.06 23 37.10 
 Twice daily 113 18.56 40 27.97 15 24.19 
1Number of treatments that were defined using this designation within the respective category 
2Percentage of treatments that were defined using this designation within the respective category 






Table 1.3. Distribution of continuous data in the complete, development, and validation datasets 
 Complete dataset Model development dataset Model validation dataset 
Item1 Mean Min Max 
Std 
Dev 
Mean Min Max 
Std 
Dev 
Mean Min Max Std Dev 
Experiment year 
published 
1999 1979 2019 10.55 1999 1987 2019 10 2000 1984 2019 11 
Average shrunk 
BW, kg 
344.51 96.96 758.40 127.56 341.40 102.72 702.28 128.32 348.97 102.72 604.80 122.80 
Forage OM, % of 
DM 
91.45 81.17 96.20 2.68 91.06 82.90 96.15 2.84 91.41 83.70 96.15 2.50 
Forage TDN % 
DM 
53.63 34.70 68.70 6.29 54.15 34.7 64.60 5.59 54.53 40.97 63.80 4.61 
Forage NEm, 
Mcal x kg-1 of 
DM 
1.46 0.29 3.25 0.81 1.69 0.29 2.88 0.80 1.85 0.51 2.99 0.83 
Forage CP, % of 
DM 
8.85 1.94 19.10 4.14 9.46 1.94 17.7 4.06 9.64 2.80 17.70 3.80 
Forage RDP, % of 
DM 
3.85 1.66 6.21 1.41 3.99 1.87 5.63 1.38 4.08 1.91 5.53 1.24 
Forage RUP, % of 
DM 
2.90 0.89 6.60 1.50 3.84 1.14 6.60 2.12 3.63 1.24 6.60 2.06 
Forage NDF, % of 
DM 
70.10 42.60 86.40 8.65 70.14 48.90 86.40 8.02 71.49 54.00 82.50 6.46 
Forage ADF, % of 
DM 
41.84 17.40 69.40 7.53 40.57 25.70 61.10 6.54 41.33 29.20 57.20 5.84 
Forage ADL, % 
DM 
6.52 0.80 12.80 1.87 6.37 0.80 12.80 2.35 6.51 2.50 12.80 2.05 
Forage HEM, % 
of DM 
29.08 8.10 48.10 7.25 29.61 8.10 48.10 7.81 30.35 16.40 48.10 7.20 
Forage cellulose, 
% of DM 
35.23 12.80 56.00 7.63 33.16 22.10 56 6.89 33.80 24.7 51 5.95 
Supp DMI, kg x 
hd-1 x d-1 
1.40 0.00 7.42 1.28 1.05 0.00 6.40 1.31 0.94 0.00 6.50 1.13 
Supp DMI, % of 
BW 




Supp TDNI, kg x 
hd-1 x d-1 
0.90 0.00 4.76 0.96 0.74 0.00 4.29 0.94 0.67 0.00 4.13 0.89 
Supp NEmI, Mcal 
x kg-1 of DM 
0.51 0.00 1.93 0.39 1.09 0.00 2.49 0.93 1.05 0.00 2.47 0.96 
Supp CPI, kg x 
hd-1 x d-1 
0.33 0.00 3.47 0.44 0.23 0.00 1.60 0.31 0.22 0.00 1.60 0.31 
Supp OMI, kg x 
hd-1 x d-1 
1.23 0.00 7.03 1.25 1.00 0.00 6.09 1.24 0.89 0.00 6.19 1.07 
Supp RDPI, kg x 
hd-1 x d-1 
0.16 0.00 1.91 0.29 0.11 0.00 0.92 0.18 0.11 0.00 0.92 0.19 
Supp RUPI, kg x 
hd-1 x d-1 
0.13 0.00 1.12 0.18 0.09 0.00 0.68 0.14 0.12 0.00 0.68 0.17 
Supp NDFI, kg x 
hd-1 x d-1 
0.43 0.00 4.38 0.60 0.36 0.00 2.92 0.55 0.30 0.00 2.37 0.43 
Supp ADFI, kg x 
hd-1 x d-1 
0.24 0.00 2.99 0.40 0.21 0.00 2.32 0.40 0.17 0.00 1.90 0.30 
Supp HEM, kg x 
hd-1 x d-1 
0.18 0.00 1.39 0.22 0.14 0.00 0.95 0.21 0.13 0.00 0.76 0.17 
Supp cellulose I, 
kg x hd-1 x d-1 
0.17 0.00 1.39 0.22 0.13 0.00 0.92 0.20 0.12 0.00 0.60 0.16 
Supp ADLI, kg x 
hd-1 x d-1 
0.07 0.00 1.44 0.19 0.07 0.00 1.42 0.23 0.05 0.00 1.44 0.20 
Supp EEI, kg x 
hd-1 x d-1 
0.05 0.00 0.43 0.07 0.04 0.00 0.29 0.06 0.04 0.00 0.34 0.06 
Supp Starch I, kg 
x hd-1 x d-1 
0.21 0.00 2.03 0.43 0.14 0.00 1.85 0.37 0.12 0.00 1.46 0.34 
Shrunk body weight (BW) was calculated as 96 % of un-shrunk BW; OM = organic matter; DM = dry matter; TDN = total digestible nutrients; CP = 
crude protein; RDP = rumen degradable protein; RUP = rumen undegradable protein; NDF = neutral detergent fiber; ADF = acid detergent fiber; ADL = 
acid detergent lignin; HEM = hemicellulose; EE = ether extract; I denotes intake in kg x hd-1 x d-1 for specific nutrient metrics; NEm = net energy for 





Table 1.4. Statistically significant (P < 0.05) explanatory variables identified from the 
complete dataset 
Explanatory variable P - value Adjusted R2 
Number of 
observations 
 Average Initial BW, kg <.0001 0.187851 489 
Forage NDF, % of DM <.0001 0.103008 394 
Forage Ash, % of DM <.0001 0.080682 370 
Forage OM, % of DM <.0001 0.069472 370 
Supp DMI, % BW  <.0001 0.048487 489 
Supp DMI, g x kg-1 BW0.75 <.0001 0.036022 489 
Supp Cellulose, % BW  0.0002 0.040904 301 
Supp OMI, % BW  0.0002 0.034437 369 
Forage Hemicellulose, % of DM 0.0004 0.033878 339 
Supp TDNI, % BW  0.0006 0.041054 258 
Supp cellulose, g x kg-1 BW0.75 0.0008 0.033563 301 
Supp OMI, g x kg-1 BW0.75 0.0011 0.026115 369 
Forage ADF, % of DM 0.0016 0.025031 358 
Forage ADL, % of DM 0.002 0.040815 207 
Supp TDN, g x kg-1 BW0.75 0.0023 0.03201 258 
Supp Avg ADFI, % BW  0.003 0.024142 323 
Supp Avg  NDFI, % BW 0.0036 0.019718 377 
Forage DM % AF 0.0039 0.033461 218 
Supp Ash, % of BW  0.0056 0.018042 369 
Forage Starch, % of DM 0.00664 0.086789 29 
Supp ADFI, g x kg-1 BW0.75 0.0068 0.019583 323 
Supp ADLI, g x kg-1 BW0.75 0.00785 0.00884 242 
Supp NDFI, g x kg-1 BW0.75 0.0102 0.014861 377 
Supp Starch, % of BW  0.01051 0.010061 164 
Forage TDN, % of DM 0.01064 0.010664 153 
Supp CPI, % of BW 0.0132 0.011719 439 
Supp Ash, g x kg-1 BW0.75 0.0154 0.013208 369 
Supp Cellulose kg-1 x d-1 0.0179 0.015333 301 
Forage RDP, % of CP 0.0245 0.065099 63 
Forage RUP % of CP 0.0245 0.065099 63 
Supp CP % DM 0.027 0.008881 439 
Supp CPI g x kg-1 BW0.75 0.0385 0.007495 439 
Supp Starch kg-1 x d-1 0.0417 0.019329 164 
BW = body weight; DM = dry matter; OM = organic matter; NDF = neutral detergent fiber; TDN = total 
digestible nutrients; CP = crude protein; RDP = rumen degradable protein; RUP = rumen undegradable 
protein; ADF = acid detergent fiber; ADL = acid detergent lignin; HEM = hemicellulose; EE = ether 
extract; I denotes intake in kilograms x hd-1 x d-1 for specific nutrient metrics; NEm = net energy for 




    Table 1.5. Y-intercept adjustments for categorical designations in forage and total DMI prediction models 
  Forage DMI1 Total DMI2 
Category Item kg x hd-1 x d-1 % of BW x d-1 
g x kg-1 of 
BW0.75 
kg x hd-1 x d-1 % of BW x d-1 
g x kg-1 of 
BW0.75 
Production stage Calves4 -0.7897 -0.2732 -11.1708 -0.7916 -0.1675 -7.8140 
 
Early and middle 
gestation4 
-0.3873 -0.0244 -0.0590 -0.3898 -0.0599 -3.6266 
 
Late gestation and 
early lactation4 
1.6087 0.5025 18.9378 1.6151 0.4563 18.6125 
 Yearlings4 -0.4317 -0.2049 -7.7081 -0.4337 -0.2288 -7.1717 
Forage harvest 
method 
Grazed5 1.9311 0.6156 25.3284 1.9305 0.5970 25.6989 









1.1571 0.2353 11.5793 1.1549 0.2131 11.1713 




-0.2101 0.0846 -2.2222 -0.2100 -0.1103 -3.8199 
 Cool season annual6 -0.8185 -0.1767 -6.647 -0.8200 -0.1628 -7.5561 
Forage stem 
length 
Finely processed7 0.6701 0.1653 8.0816 0.6770 0.1490 6.7847 
 Coarsely processed7 0.1653 0.2434 7.4798 0.1600 0.2454 7.6404 
 Long stem7 0.5803 0.1927 7.7328 0.5798 0.1471 6.7482 
 Grazed7 -1.4158 -0.6015 -23.2940 -1.4168 -0.5415 -21.1733 
Supplementation 
frequency 
Alternating days8 -0.7366 -- -9.7459 -0.7385 -- -- 
 Not supplemented8 0.4240 -- 4.6182 0.4295 -- -- 
 Once daily8 0.5401 -- 7.3462 0.5413 -- -- 
 Twice daily8 -0.2275 -- -2.2185 -0.2323 -- -- 
1Y-intercept adjustments for models that predict forage dry matter intake (DMI) 
2Y-intercept adjustments for models that predict total DMI 











Table 1.6. Regression coefficients of continuous explanatory variables used in forage and 
total DMI prediction models 
 Forage DMI1 Total DMI2 
Item3 
kg x hd-
1 x d-1 
% of 
BW x d-1 








g x kg-1 
of BW0.75 
Forage NDF, % of DM -0.0665 -0.0219 -0.9388 -0.0663 -0.0213 -0.8618 
Forage CP, % of DM 0.1341 0.0383 1.6072 0.1347 0.0442 1.7048 
Forage HEM, % of DM -0.0727 -0.0177 -0.6160 -0.0729 -0.0188 -0.8266 
Supplement DMI, kg x hd-1 x d-1 -- -- -- 1.0210 -- 9.8294 
Supplement HEMI, kg x hd-1 x d-1 2.4155 -- -- 2.3970 0.6052 28.5203 
Supplement CPI, kg x hd-1 x d-1 1.3967 0.3516 15.5895 1.3771 0.4397 19.0357 
Supplement NDFI, kg x hd-1 x d-1 -2.1812 -0.4223 -16.2117 -2.2143 -0.6249 -26.6131 
Average shrunk BW, kg 0.0082 -0.0217 -0.0992 0.0081 -0.0039 -0.0953 
1Coefficients for models predicting forage dry matter intake (DMI) 
2Coefficients for developed models predicting total DMI 
3SBW = average shrunk BW, calculated as 96% of un-shrunk BW 
DM = dry matter, NDF = neutral detergent fiber, CP = crude protein, HEM = hemicellulose, I 
denotes intake in kilograms x hd-1 x d-1 for specific nutrient metrics 









































Forage DMI, kg x hd-1 x d-1 SBW5 0.70 < 0.0001 1.31 0.68 < 0.0001 1.32 0.07 0.9041 0.03 
Forage DMI, % of BW x d-1 SBW5 0.61 < 0.0001 0.39 0.56 < 0.0001 0.40 0.13 0.5298 0.01 
Forage, g x kg-1 of BW0.75 SBW5 0.52 < 0.0001 15.89 0.47 < 0.0001 16.01 4.78 0.5997 0.52 
Total DMI, kg x hd-1 x d-1 SBW5 0.77 < 0.0001 1.31 0.72 < 0.0001 1.31 0.31 0.5997 0.03 
Total DMI, % of BW x d-1 SBW5 0.64 < 0.0001 0.38 0.56 < 0.0001 0.40 0.24 0.3043 0.01 
Total DMI, g x kg-1 of 
BW0.75 
SBW5 0.54 < 0.0001 15.94 0.41 < 0.0001 16.73 14.59 0.2314 0.25 
1Summary statistics of prediction models produced during the development stage 
2Summary statistics of the prediction models once applied to the independent validation dataset 













Figure 1.1: Distribution of year of publication for publications included in the complete 


















Figure 1.2: Actual vs. predicted plot for the forage DMI prediction model, expressed in kg 
x hd-1 x d-1 
RMSE = 1.3056; Adjusted R2 = 0.70; P < 0.0001 












































Figure 1.3: Actual vs. predicted plot for the total DMI prediction model, expressed in kg x 
hd-1 x d-1 
RMSE = 1.3109; Adjusted R2 = 0.77; P < 0.0001 















































Figure 1.4: Actual vs. predicted plot of the forage DMI prediction model after being 
applied to the validation dataset, expressed in kg x hd-1 x d-1 
RMSE = 1.3182; Adjusted R2 = 0.68; P < 0.0001 






































Predicted forage DMI, kg-1 x hd-1 x d-1









Figure 1.5: Actual vs. predicted plot of the total DMI prediction model after being applied 
to the validation dataset, expressed in kg x hd-1 x d-1 
RMSE=1.3144; Adjusted R2 = 0.72; P < 0.0001 







































Predicted total DMI, kg-1 x hd-1
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